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ABSTRACT
An experimental study was performed to observe the behavior of high strength
concrete filled steel tubes (CFT) under cyclic loading and a constant applied axial load.
Eight cyclic CFT beam-columns were tested at two-thirds scale, with the prototype
columns being a CFT column in a six-story perimeter moment resisting frame.
Parameters studied were the axialload-to-axial capacity ratio, PIP0, the yield stress of the
steel tube, and the width-to-thickness ratio, bit, of the steel tube. The levels of PIP° for
the test specimens were 10% and 20%. The nominal steel yield stresses were 46 ksi
(A500 Grade-B) and 80 ksi (A500 Grade-80). The tube width was 12 inches and the
thicknesses were a nominal 0.250 inches and 0.375, inches producing specimens with bit
ratios of 48 and 32, respectively. All specimens were filled with high strength concrete
having an average cylinder compressive strength of 16 ksi. The specimens were tested as
cantilever members, subjecting them each to lateral cyclic load along with a
concentrically applied axial load at the end of the member.
Analysis of the experimental data for the eight CFT beam-column specimens
indicated that the parameters had varying affects on specimen behavior. Cyclic loading
produced no notable difference in moment capacity but decreased the rotation capacity
compared to similar specimens subjected to monotonic moment that were tested in prior
research. The level of PIP0 was shown to significantly affect the curvature ductility, with
an increase in the P/Po ratio causing a reduction in specimen ductility. The P/Po ratio also
was found to affect the chord shOliening of the specimens, with a higher PIP0 ratio
resulting in more axial shortening. Specimens with a lower yield stress had a greater
curvature ductility. The ductility capacity was found to be a function of web buckling in
the cyclically loaded specimens, with the behavior dependent upon the steel yield stress.
The bit ratio was found to also have an affect on behavior. Specimens with a smaller bit
ratio experienced a more significant reduction in curvature ductility as compared to
similar specimens monotonically tested at the same level of axial load. It was found that
current design provisions predicted the moment capacity of the test specimens to different
degrees of accuracy. While all provisions conservatively predicted the moment capacity
of specimens with a bit ratio of 32, the AISC LRFD provisions were the only one to be
conservative. The All, EC-4, and ACI provisions all provided reasonably accurate
predictions of strength, however the ACI design provisions had the lowest statistical
variance as well as a mean strength prediction that was slightly conservative.
2
CHAPTERl
INTRODUCTION
1.1 Composite Construction
The most common structural materials for commercial buildings today, especially
high rise construction, are structural steel and reinforced concrete. Both materials
provide distinct advantages and have progressed in performance over the years. Quality
high strength structural steel has been produced due to the use of alloys and a refinement
in production. Most high rise construction incorporates structural steel because of its
strength and low weight-to-load ratio. It has been shown that for given axial loads,
structural steel provides an approximate 75% savings in area and 20% reduction in
weight [Griffis, 1987].
Recent advances in the concrete industry have made reinforced concrete a viable
alternative for high rise construction. The introduction of plasticizers has allowed for the
reduction in water content while maintaining workability. Improvements in concrete
placement and curing methods have led to increased strength and quality. Reinforced
concrete construction has shown certain benefits over structural steel. Griffis [1987]
explains that concrete columns are 11 times more cost effective than structural steel in
resisting axial loads. In addition, concrete columns are approximately 8.5 times more
cost effective than steel with respect to axial deformations.
Composite construction seeks to take advantage of both con~truction elements by
combining concrete with structural steel. Composite construction benefits from the
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concrete's mass, stiffness, damping, and economy in addition to the steel's light weight,
strength, ease of construction, and instant load bearing capacity (with respect to poured
concrete). Composite columns fall into two categories as shown in Figure 1.1. The first
type is structural steel shapes incased in reinforced concrete (SRC) as seen in Figure 1.1
(a). Figure 1.1 (b) shows the other type, namely a concrete filled steel tube (CFT). CFTs
have an advantage of SRCs as explained by Bruneau and Murson [Bruneau and Murson,
2000]:
(a) The steel tube provides confinement for concrete providing for full composite
action and stable seismic energy dissipation.
(b) All concrete contributes to strength and ductility because of spalling control.
(c) The steel frame work acts as formwork for concrete placement.
(d) Construction can be sped up because the steel tubes eliminate the need for
falsework to support the dead load.
(e) Steel components can be fabricated in a controlled environment.
(f) The concrete delays the onset of local buckling by changing the mode of
failure as shown in Figure 1.2, thereby increasing ductility.
(g) Rebar is unnecessary.
(h) The expected good strength and ductility make the seismic performance of
tall buildings composed of CFTs desirable.
CFTs have other benefits over structural steel construction. A recent design study
on 10, 24, and 40 story buildings with perimeter moment resisting frames comprised of
CFT and structural steel girders show that CFTs can offer a reduction in total steel and
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thus cost [Uchikoshi et. al., 2000]. The buildings were designed in accordance with
Japanese regulations using allowable stress design against seismic forces under a
moderate earthquake. The same frame was then checked for ultimate horizontal shear
against a severe earthquake. Figure 1.3 shows their findings. The dashed lines compares
CFI' steel to structural steel and the solid line compares total steel in the CFT frame and
the structural steel frame. One other distinct advantage of CFI's over structural steel for
columns is its inherit fire resistance provided by the concrete core eliminating th~ need
for expensive exterior fire protection. CFTs can provide fire endurance for up to 3 hours
depending on load level, section size, and concrete strength [Kodur and MacKinnon,
2000].
1.2 Objectives
Because of the aforementioned benefits of CFTs, composite construction has
become popular in non-seismic areas. With the burgeoning production of high strength
steels and concrete, composite construction becomes more advantageous. Currently,
there is a lack of knowledge about the behavior of high strength CFI's, specifically under
seismic action. The purpose of this experimental program was to study the performance
of square high strength concrete filled tubes under inelastic cyclic loading. The
objectives of this study include:
(l) Experimentally determine the cyclic strength and ductility characteristics of
CFI's under cyclic loading with an applied constant axial load.
(2) Evaluate current design provisions for flexural strength.
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(3) Assess moment-curvature and load-deflection characteristics of high strength
CFTs under a cyclic displacement history.
(4) Determine the effects that axial load level, tube width-to-thickness, and steel
yield stress have on CFT cyclic strength, cyclic stiffness, cyclic ductility,
energy dissipation, and axial shortening.
1.3 Scope
This report provides a detailed summary of the experimental proceedings and
results. Chapter 2 provides a summary of background information and relevant prior
research. Chapter 3 describes the experimental program for cyclic testing under constant
axial load for 8 beam-column specimens. Chapter 4 provides specimen behavior during
the experiment. Chapter 5 presents the analysis of the experimental data, examining
strength, ductility, stiffness, energy dissipation, and axial shortening. Chapter 6
concludes the report by presenting conclusions as well as recommendations for future
research.
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Figure 1.2 - First Local Buckling Modes for Hollow Steel and CFT Tube
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CHAPTER 2
BACKGROUND
2.1 General
In Chapter 2, background information. and prior research is provided for high
strength CFT beam-columns. Properties and behavior of high strength steels and
concrete employed in the CFTs are discussed. Next, the flexural design equations for
various design codes around the world along with their assumptions and limitations are
presented. Finally, a review of relevant published research is then presented. In Chapter
5, the experimental results will be compared with these codes. Additionally, previous
research performed on CFTs is provided. Emphasis is placed on affects of tube
parameters, strength capacity, rotation capacity, stiffness reduction, and bond stress
development.
2.2 Advanced Materials
The properties of structural building materials, steel and concrete, have been
advanced due to new processes and materials. Steels have witnessed increased
toughness, strength, and ductility. Concrete strength and stiffness has been increased due
to additives, aggregates, and new construction processing. As a result, these enhanced
properties make high strength steel and concrete more ,favorable for high rise construction
than conventional materials.
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2.2.1 High Strength Steel
With the advance of technology, steel can now be produced with high strength,
good weldability, fracture toughness, ductility, and corrosion resistance. To explore the
difference in mechanical properties of conventional versus high strength steel, Figure 2.1
provides typical stress-strain curves for both types of steels. It can be seen that for high
strength steels, strain hardening occurs immediately after yielding. High strength steel
obtains a higher yield stress while maintaining the same modulus of elasticity.
Another noticeable difference is the higher ratio of yield stress to ultimate yield
stress, defined as the yield ratio, of high strength steels as compared to conventional
steels. Additionally, high strength steels exhibit lower strain ductility than conventional
steels. It has been shown that these parameters are important in the post yield behavior of
tension members. !he high strength steel exhibits a lower reserve capacity after yield
due to the high yield ratio, leading to lower amounts of inelastic elongation [Sooi et. al.,
1995]. Another effect of the high yield ratio for high strength steels is the fact that they
display a smaller ratio of full plastic moment to yield moment for flexural members
[Rides et al., 1996].
It has further been shown by experimental and analytical study on hollow steel
tubes made from high strength steel in compression that the onset of local buckling of the
steel wall limits the axial load capacity of the member, which can be less than the yield
load [Rides et. al., 1996]. As seen in Figure 2.2, an increase in the width-to-thickness
ratio, (bit), corresponds to a reduced axial carrying capacity. This indicates that use of a
tube with a lower bit ratio, and thus more steel, is less susceptible to the effects of local
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buckling. Filling a steel tube with concrete forces the tube to buckle in a higher mode, as
explained in Chapter I, which justifies use of high strength steels and the ability to reduce
steel area.
2.2.2 High Strength Concrete
To explore the differences between conventional and high strength concrete a
stress-strain plot is provided in Figure 2.3. The figure shows that high strength concrete
exhibits a nearly linear stress-strain behavior up to failure while conventional concrete
has a more parabolic relationship. It can also be seen that with an increase in strength,
the modulus of elasticity is increased. With an increase in compressive strength, tensile
strength increases. Also, since creep is proportional to the modulus of elasticity, high
strength concrete exhibits a lower rate of creep [Nilson, 1987]. Another difference lies in
the behavior at failure, where high strength concrete displays a more sudden and brittle
failure than conventional concrete. Finally, in general, all concrete reaches a crushing
strain at approximately 0.003.
Performance of high strength concrete is affected by the types of aggregate and
curing methods [French et. al., 1996]. The stiffness and compressive strength are greatly
affected by the type of aggregate used in the mix, where strength is limited to the
aggregate strength and not the cement~ Steam and moisture curing increase strength as
compared with heat curing [Nilson, 1987]. The strength and stiffness of high strength
concrete does not increase greatly after initial setting. Its cylinder strength increases
12
approximately 10% from 28 days to 182 days after casting and the modulus of elastici ty
after one day is 98% of the 28 day modulus [Makhtarzadeh et. aI., 1995].
The steel tube of a CFT provides lateral confinement for the concrete core. This
provides a beneficial change in the concrete's mechanical properties. Concrete under
hlteral confinement will experience a higher ultimate stress and increased ultimate strain
as shown in Figure 2.4. Where it can be seen that an increase in lateral pressure will
correlate to a higher strength and ductility. Under confining pressure it can be seen that
the higher strength concrete gains the ductility that it was lacking under normal
conditions indicating that the use of high strength concrete in CFTs is justified because of
possible confining pressure provided by the steel tube.
2.3 CFT Composite Design Provisions
Provisions for CFT flexural strength are provided in various design codes around
the world. Currently, the provisions deal with normal strength steel and concrete due to
the lack of data for high strength materials. These codes provide stipulations and
equations to formulate an axial load-moment interaction curve. This report looks at the
provisions specified by the American Institute of Steel Construction (LRFD), American
Concrete Institute (ACI), the Architectural Institute of Japan (AU), and the British
Standards Institution (Eurocode 4 or EC-4). Figure 2.5 shows a typical axial load-
moment interaction curve for all four codes for a CFT having a bit ratio of 48, with a
nominal steel yield stress of 46 ksi and concrete strength of 16 ksi.
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2.3.1 LRFD Provisions
Design provisions for concrete filled tubes can be found in the American Institute
of Steel Construction Load and Resistance Factored Design manual (LRFD) [AISC,
1993]. The LRFD manual stipulates that for a member to be considered a composite
member it must meet the following criteria:
1. A minimum of 4% of the cross section must be a steel shape, pipe, or tubing.
2. Concrete compressive strength must be between 3 ksi and 8 ksi inclusive.
3. Steel yield strength must be less than 55 ksi.
4. The width-to-thickness ratio (bit) must be less than:
(2.1)
where Es and Fy are the Young's Modulus and the yield stress, respectively, of the steel
tube. The LRFD bases the column axial strength upon the same principals as it has for
steel columns, except for the calculation of the steel yield stress, modulus of elasticity,
and radius of gyration, to account for the concrete. It defines the axial capacity of a eFT
as:
(2.2)
where for Ac~ 1.5:
(2.3)
and for Ac > 1.5:
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(2.4)
where ~e, Fer, Fmy, As, Pn, Ae are the resistance factor (0.85), the critical stress, the
modified yield stress, the steel area, the nominal axial load compressive strength, and the
column slenderness parameter, respectively. Fmy is defined as:
[AJ [A JF = F +c F _r +c f' ~my ys 1· yr As 2 c As (2.5)
In Equation (2.5), Fy, Fyr, Ar, Ae, and r'e are the steel yield stress, longitudinal
reinforcement bar yield stress, the area of longitudinal reinforcement, the area of
concrete, and the concrete compressive cylinder strength. For a CFT, Cl = 1.0 and C2 =
0.85. Ae is defined as:
A=~rrnY
c r 7l: E
m m
(2.6)
where K, 1, and rm are the effective length factor, length, and radius of gyration of the
steel tube, respectively. The modified modulus of elasticity, Em, is defined as:
E =E +c3E (A
c Jm s c A
s
In Equation (2.7), Es ,Ee, As, and Aeare the modulus of elasticity for the steel, the
(2.7)
modulus of elasticity for the concrete, the area of the steel, and the area of the concrete,
respectively. For a CFT, C3 =0.4.
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The flexural capacity of a composite beam-column is defined by the following
empirical formulas, producing an axial load-moment (P-M) interaction curve.
P
uFor
cD P
c n
20.2:
Pu +~l M ux + M uy l::; 1.0
<!> P 9 cDbM cDbM
c n nx ny
(2.8)
P
and for u < 0.2:
<D P
c n
Pu +l M ux + M uy ]::;1.0
2<D P <DbM cDbM
c n nx ny
(2.9)
where Pu, <Pc, <Pb' Mux , Mnx , Muy, and Mny are equal to the required axial load
compressive strength, the resistance factor for flexure (0.9), the resistance factor for
compression (0.85), the applied moment about the x axis, the nominal flexural strength
about the x axis determined by plastic stress distribution, the applied moment about the y
axis, and the nominal flexural strength about the y axis determined by plastic stress
distribution, respectively.
2.3.2 ACI Provisions
The American Concrete Institute Building Code Requirements for Reinforced
Concrete (ACT) [ACT,1999] contains design provisions for composite members. The ACT
code states that a composite member shall include all such members reinforced
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longitudinally with structural steel, shapes, plpmg, or tubing with or without any
longitudinal bars. The ACI code requires the same limitations on the bit ratio as the
LRFD and a steel yield stress to be smaller than 60 ksi.
TheACI code determines axial capacity of a CFT column assuming full yielding
of the cross-section. The steel stress is at the yield level while the concrete stress is
0.85f' c' The ACI provision employs reduction factors to account for any eccentricities.
For composite members this factor is 0.85. The design equation for axial capacity is:
(2.10)
where ~ and Ag are a strength reduction factor (0.7) and the gross area of the member.
The ACI code indicates that its P-M interaction curve for composite beam-
columns is based on the assumptions that plane sections remain plane and that the
maximum strain at the extreme concrete compressive fiber is equal to 0.Q03.
Additionally, it stipulates that the concrete stress distribution can be modeled as an
equivalent stress block with an intensity of 0.85f' c.
2.3.3 AIJ Provisions
Japanese design provisions for composite columns are located in the Architectural
Institute of Japan Standard for Structural Calculation of Steel Reinforced Concrete
Structures (All) [All, 1987]. All requires that the steel area be more than 0.8% of the
concrete cross-sectional area. The All code formulates it design on strength
superposition based on the lower bound theory of plasticity.
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The AU· strength superposition equations for an axial force-moment (N-M)
interaction curve are as follows:
when 0 ~ N ~ cNe or M ~ sMo
when N > cNe or M < sMo
when N <0
N = eN and M = sMo+ eM
N = eNc + sN and M = sM
N = sN and M = sM
(2.11)
(2.12)
(2.13)
Where N, M, eNe, sMo, eN, eM, sN, and sM are equal to the cn axial capacity, the CFT
flexural capacity, the axial capacity of the concrete portion subjected to compression
alone (Aef' e), the flexural capacity of the steel section subjected to bending alone, the
compressive force resisted by the concrete portion, the flexural capacity of the concrete
portion, the axial capacity of the steel portion alone, and the flexural force resisted by the
steel portion, respectively. The flexural strength of the concrete is based on the stress
block method dictated by the Standard for Structural Calculation of Reinforced Concrete
Structure [AU, 1987]. The calculation of the flexural force resisted by the steel portion is
based upon the plastic moment capacity, assuming no local buckling of the steel occurs.
2.3.4 EC-4 Provisions
The Eurocode (EC-4) [Eurocode 4, 1996] creates a P-M interaction relationship
by establishing points at critical loadings and connecting these points with straight lines.
Figure 2.6 shows the various loadings and assumed stress distributions. Figure 2.7
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displays these points on a P-M plot. The first point 'A' is the axial design load with no
applied moment. It is defined as:
(2.14)
Where Aa, fy, YMa, Ae, fek, Ye, As, fsk and Ys are the cross sectional structural steel area, the
characteristic yield strength of the structural steel, safety factor for structural steel (1.10),
cross sectional concrete area, the characteristic yield strength of the concrete, safety
factor for concrete (1.50), cross sectional steel reinforcement area, the characteristic yield
strength of the reinforcement steel, and the safety factor for reinforcement steel (1.15),
respectively.
Point 'B' is at the full plastic moment of the cross-section and no axial load. The
plastic moment is computed using the yield stress with the aforementioned safety factors.
The concrete area is transformed by the modular ratio n = EalEewhere Ea is the modulus
of elasticity of the steel and Ec is the effective modulus of the concrete defined as Ecml2
where Ecm, the concrete secant modulus, is defined as:
E =9.5~ k+sy13
em c
kN/mm2 where fek is in N/mm2 (2.15)
All points are determined with factored yield stress blocks. Point 'C' occurs
above the balance point, and an axial load (Npl,e,Rd) is calculated at a point where the
section carries a moment equal to the full plastic moment of the section in addition to the
axial load. Point 'D' is found by applying Npl,c,Rd12 and solving for the moment with the
neutral axis at the centroid producing MD•Rd equal to the maximum moment Mmax.Rd.
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Finally, at point 'E' the axial load is found by applying MD,Rd12 with the neutral axis
below the centroid.
2.4 Background Information
Most of the previous research that has been conducted on concrete filled tubes
was that associated with conventional materials. One of the earliest tests on concrete
filled ~ubes was performed by Furlong [1967, 1968]. Furlong tested 52 tubes under
monotonic loadings, 21 square tubes and 31 circular. The steel had a yield stress of 36
ksi and the concrete had a compressive strength of 3 ksi. 13 of the tests were performed
under concentric axial loading with the rest being eccentric.
Furlong found that the axial stiffness of the test specimens, EAexp, was less than
the one predicted by the transf~rmed area method. He concluded that a weak bond
existed between the concrete and steel. Since the steel has a higher Poisson's ratio, at
early loadings, the tube would separate from the concrete due to the weak bond stress.
After crushing, the concrete's Poisson ratio would increase and the concrete could come
in contact with steel, increasing the ductility. He showed that the steel tube had a higher
strain at local buckling for concrete filled tubes than hollow tubes. He concluded that the
axial and flexural stiffnesses should be based on the superposition of each component
separately as follows:
AEcomp =AcEe+ AsEs
IEeomp = IeEe + IsEs
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(2.16)
(2.17)
where AEcomp, IEcomp, Ie, and Is are the specimen axial section stiffness, specimen flexural
section stiffness, moment of inertia for the concrete alone, and moment of inertia for the
steel tube alone, respectively. Compared to the experimental values, these assumptions
had a mean of 0.89. Finally, based upon his research, he concluded that the LRFD axial
load-moment interaction curves for reinforced concrete columns would work with a
concrete crushing strain of 0.003.
Recently, Fujimoto et. al. [1996] compiled cyclic tests performed on concrete
filled tubes in uniaxial and biaxial bending. The test included 13 circular tubes and 20
square ones. The square tubes were built up from two channel sections welded together
at their flange tips. Axial loading included constant compression, constant tension, and
variable. Variable axial load tests were performed from 0.3Ns in tension to 0.7No in
compression, where Ns and No denotes the tube tensile capacity and specimen
compressive capacity, respectively. Table 2.1 contains a list of the specimens and results.
The concrete strength was 40 MPa (5.8 ksi) and 90 MPa (13 ksi). Tensile strength of the
tube steel was 400 MPa (58 ksi), 590 MPa (85.6 ksi), and 780 MPa (113 ksi).
From compilation and study of the data, it was found that the rotation capacity
and strength were greater for the circular tubes than the square tubes. Square tubes
incurred a higher axial steel strain than the circular tubes. Also, variable axial loading
produced a reduced rotation and strength capacity as compared with the constant axial
load tests. Biaxial bending appeared to have little or no affect on the rotation and
strength capacity of the specimen as compared with the uniaxial tests. Finally, the biaxial
tests had a smaller axial strain.
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Recently, Sakino and Nakahara [2000] compiled and compared the flexural
capacities of a set of eccentric axial load tests and constant axial load/uniform bending
moment tests. He compared the results with All design provisions and proposed a
modified method to determine strength'. Table 2.2 provides a list of the specimens
studied. The experiments included 67 square CFf columns. They found that AIJ
overestimates the ultimate flexural capacity of columns that behave in a brittle manner
while the ACI provision is conservative. They attributed the A;IJ overprediction to the
brittle behavior of high strength concrete, the effect of local buckling on square tubes
with large bit ratios, and the poor confinement provided by square tubes with high bit
ratios.
Sakino and Nakahara proposed three modifications for the All design provisions.
The first one is a reduction factor, S, applied to the compressive strength of the steel tube
to account for the affects of local buckling of thin walled tubes. When the tube has a a ~
4.11, where:
(2.18)
where O'sy is the yield stress of the steel, the factor S is defined by the following empirical
equation:
!=0.698+0.128(~)2[(JSY Jx 4.00
S t E 6.97
s
(2.19)
The second proposed modification is to account for the use of high strength
concrete (f' c ~ 60MPa or 8.7 ksi) or a thin-walled tube (a ~ 4.11). Sakino and Nakahara
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[2000] suggested that a square tube provides little confinement for the concrete to
increase the ductility, therefore the concrete compressive stress block should be modeled
with a magnitude of ruf' c where:
ru =1.67(1.13Bcro. 112 (2.20)
for small scale specimens and ru=0.85 for actual design of full scale columns, where Bc
is the width of the concrete core. Additionally, the resultant of the concrete compressive
stress block should be taken as k2Xn from the extreme concrete compressive fiber where
Xn is the distance to the neutral axis and k2 is defined as:
k 2 = 0.429-0.01O(~J4.12 (2.21)
where (jc is equal to ruf' c' The third modification is the application of the concrete
strength reduction factor, ru, previously mentioned.
Kawaguchi et. al. [1998] have also compiled a database of CFT experiments with
varying factors in attempt to derive equations for the restoring force based on regression
analysis. Data came from 209 specimens from AU publications, with 143 having a
square cross section and 66 being circular. The varying parameters where loading
conditions (cyclic and monotonic), steel yield stress between 210 N/mm2 (30.5 ksi) and
450 N/mm2 (65.4 ksi), concrete compressive strength stress up to 50 N/mm2 (7.3 ksi),
width-to-thickness ratios less than 80, strength at important events, rotation angles at
important events, and secant stiffness.
Figure 2.8 shows the multi-linear model developed by Kawaguchi et. al. [1998]
for the restoring force of a CFT beam column for use in pushover analysis of a frame.
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Point 'A' is defined as M Ult/3Ke and M Ultl3, where Mull is the theoretical ultimate moment
based on the stress distribution of the full plastic moment and Ke is the theoretical elastic
stiffness. Point 'B' is defined as R85 and 0.85Mult where R85 is:
RS5 =2.00-1.5{:0 }{-0.03+00{:0 J} ~
and
RS5 =0.69-1.6{:0 }{0.02-0.0{:o]}~
Point 'C' is defined as Rmax and MUll where Rmax is equal to:
and
for a square CFT'
for a circular CFT'
for square CFf
(2.22)
(2.23)
(2.24)
Rmax = -0.31 + 79.9{:0}{-0.12 + 0.13l( :0 J} ~ for circular eFT (2.25)
Finally, point 'D' is defined as Ru and Mult where Ru is the ultimate rotation capacity
computed as:
(cr -39) (D~ ( NJR =5.5- b -0.45- ---.L-5.0-
u 120 t 324 N
a
and
(cr -39) (D~ (N JR =7.5- b -0.05 - ---.L-5.0-
u 120 t 324 N
a
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for square CFT
for circular CFf
(2.26)
(2.27)
where crb and cry are the concrete cylinder strength and steel yield stress, respectively,
expressed in N/mm2. For R85 and Rule. the equations were determined without using crb
and cry for simplicity. A comparison of experimental test results including lateral load
with static pushover analysis, using the above procedure, found the average response to
be well predicted for CFT specimens with a square cross-section. However, the
analytical model provided a lower bound estimation of response for specimens with a
circular cross-section. Kawaguchi et. al. [1998] compared the experimental ultimate
moments Mu1t,exp from the database to the calculated MUlt,pred, with the ratio of
Mult,expIMult,pred having a mean of 1.38 and 1.20 and a standard deviation of 0.34 and 0.21
for square tube and circular tube CFT specimens, respectively.
Inai et. al. [2000] have conducted analysis on cyclic CFT beam-column
experiments to illvestigate the affect of parameters on the rotation capacity at a post-peak
value of .95Mmax, defined as expR95' and the degradation of stiffness. Circular and square
CFTs were included in the study. They concluded for circular CFTs that expR95 becomes
smaller as bit becomes larger and as the NINo becomes larger, where N and No are the
axial load and axial load capacity, respectively. They found as the concrete strength
increased, expR95 decreased. For square CFTs it was found that expR95 becomes smaller as
bit becomes larger, as well as when NINo becomes larger. They found that no correlation
seemed to exist between expR95 and steel yield stress or concrete strength. Based upon
the experiments and regression analysis, empirical equations were determined for the
percent value of the rotation at 0.95Mmax post-peak. It was determined that:
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0.15+3.79 -
N
o
for circular CFTs (2.28)
for square CFTs (2.29)
where cO'B is the compressive strength of the concrete in MPa and ~ is:
(2.30)
They found that these expressions had a mean of 0.774 and 0.668 for circular and square
CFT specimens, respectively, compared to experimental data.
Mod and Noguchi [1997] investigated the stiffness degrading ratio of specimens
under axial load and a cyclically applied moment gradient. 16 square CFTs and 13
circular were studied. They defined the stiffness degrading ratio as the initial stiffness
divided by the secant stiffness at a pre-peak value of 0.95Mmax. They found that the ratio
was affected by the axial load ratio for rectangular columns and concrete strength for
circular columns. The approximate stiffness degrading ratio was 0.5. to 0.75 for
rectangular columns and 0.25 to 0.6 for circular columns. When a value at 0.85Mmax is
used, the ratio for circular columns became 0.5 to 0.75.
Nakahara and Sakino [1998] conducted experiments on 14 high strength concrete
CFTs. Four tests were under axial compression and the other 10 where under combined
gravity load and uniform bending. The concrete strength was 119 MPa (17.3 ksi). The
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steel tubes had a yield strength of 310 MPa (45.0 ksi) and a bit ratio of 30 and 60. From
the axial load experiments they concluded that the capacity does not exceed the nominal
squash load, No, even with small bit ratios, where No is defined as:
(2.31)
where sAs, cAe, say, and say are the steel area, concrete area, steel yield stress, and
concrete compressive strength, respectively. They also concluded that specimens in
uniform bend~ng with high bit ratios and high axial load exhibited brittle behavior.
Finally, the maximum moment achieved in the uniform bending tests did not reach the
full plastic moment capacities of the beam-columns.
Roeder et. al. [1999] investigated bond stress levels between concrete and steel in
CFT columns. 20 specimens were tested to examine the bond stress capacity for circular
CFTs. The steel tubes had diameters between 250 mm (9.84 in) and 650 mm (25.59 in)
with dlt ratios between 20 and 110. An axial load was applied to the concrete alone at the
top of the specimen. At the base, only the steel rested on a fixed steel plate. Steel strains
were measured on the outside of the tube over the height to determine the rate of load
transfer and thus the bond stress. They found that bond stress capacities for rectangular
CFT columns were smaller than those of circular CFTs. Additionally, the bond stress
capacity did not appear to be related to the strength of the concrete. Also, it was seen that
tubes with large diameters or large dlt values were more susceptible to shrinkage
cracking, which had a detrimental affect on bond stress capacity.
Hull [1998] conducted experiments on high strength CFTs. 4 column stub tests
and 8 specimens with monotonic uniform bending moments and a constant axial load
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were tested. The tubes were of the same steel heat and designation as those used for the
experiments detailed in this report. Nominal yield stresses were 46 ksi and 80 ksi with
nominal bit ratios of 32 and 48. 16 ksi concrete was placed in the tubes at the same time
as the experimental specimens of the current study.
Table 2.3 lists the' axial stub column specimens and their experimentally
determined stiffness as compared to the calculated uncracked transformed section
stiffness. Table 2.4 lists the experimental capacities and compares them as ratios to
calculated capacities. Figure 2.9 shows a schematic of the test setup. Specimens were
loaded until failure occurred. Hull concluded the that load-shortening relationship for the
CFTs was linear up to the ultimate axial load capacity. The experimental axial section
stiffness was found to be calculated with an average accuracy of 2% using the uncrq.cked
transformed section stiffness. Strength superposition will provide an average accuracy of
3% from the experimental value using an equivalent concrete compressive stress block
with intensity of 0.85f' c' Tubes with higher bit did not reach the full steel yield stress at
peak load due to local buckling.
Table 2.5 lists the uniform bending moment specimens, the experimental service
load stiffness, Elexp,ser, and comparisons to other calculated stiffnesses. Table 2.6 lists
their flexural capacities and compares them to values predicted by design provisions
which include AISC LRFD [1993], ACI [1999], and AIl [1987]. Figure 2.10 is a
schematic of the experimental test setup. Each configuration of tube bit ratio and yield
stress was tested at a constant applied axial load of 20% and 40% of the squash load.
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The moment capacity was also found to increase when the bit ratio decreases.
The CFT specimen ductility was found to be affected by axial load and bit ratio. In
addition, the CFf beam-columns specimens that experienced concrete crushing before
peak moment exhibited better ductility. Hull concluded that the experimental initial
flexural stiffness, EIo,exp, (not shown in Table 2.5) could be reasonably predicted using
the uncracked transformed section stiffness, EIuner,tr. The mean for EIo,expi EIuner,tr was
0.99. Flexural stiffness at service loads, EIexp,ser, up to 0.6Mmax could be predicted
reasonably using the cracked transformed section stiffness, ELr,tf' The mean for
EIexp,serlEIer,tr was 0.99. The flexural stiffness increases with an increase of axial load as a
function in axial capacity and a decreasing bit ratio. Hull showed that the moment
capacities of CFTs were predicted with an average accuracy of 38%, 7%, and 6% by
LRFD, ACI, and AU design provisions, respectively. The moment capacity was found to
increase linearly with steel yield strength.
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Table 2.1 - eFf Specimen Database by Fujimoto [Fujimoto et. aI., 1996]
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Spocimal B(mm) '(mm) IlI1 -:rc; a.,(MP,) f.·(Mp,) 'u N(l:N) NINo M",,(kN.m)
BR'.6-10-lJ2 200 6.16 32.5 1.26 310 119 0.917 1147 0.2 93
BR4-<;·10.Q4·1 200 6.16 32.5 1.26 310 1\9 0.911 2295 OA 86
BR1-6-104l-2 200 6.16 32.5 1.26 310 119 0.917 2295 0,4 1&7
BRj·3·10-ll2 200 3.17 63.1 2.45 310 119 0.913 1049 02 136
BRH·104l-1 200 3.17 &3.1 2,45 310 119 0.913 2108 OA 136
BRI.l·10-ll4·2 100 3.17 63.1 2,45 310 1I9 0.911 2108 0.4 139
BRl.<-10-ll2 200 •.39 31.3 1.93 781 119 0.911 1608 0.2 330
BRl.<-IO.Q4 200 6.39 31.3 1.93 781 119 0.917 3217 0.4 274
BRI·3·J().j}2 200 3.09 64.7 3.99 781 119 0.913 1294 0.2 195
6Y.3·]·1().{}4 200 3.09 64.7 3.99 781 1I9 0.913 1~69 0.4 143
BY.A4.<-S.()2 200 5.93 33.7 113 320 47.6 0.91& 570 0.18 143
BY.A4-6·5-ll4 200 4.25 47.1 Ul 21t 47.6 0915 426 017 87.7
BY.A4-4·5-ll2 100 2.04 98 3.44 2;3 476 0.912 3S0 0.17 62.7
BRA4-1·5.Q4 200 5.93 337 1.33 320 47.6 0.916 1\40 036 144
BRAI·2·5-lJ2 200 4.25 47.1 l.ll 211 47.6 0.915 851 035 9;.,
BRA'·2.5-ll4 200 2.04 98 3.44 2~3 47.6 0.912 761 034 69.1
BRA4-6-5-ll2·C 200 5.93 33.7 1.33 320 41.6 0.916 570 0.18 147
BRA4-6-5-04.{; 100 2.04 98 3.44 253 47.6 0.912 380 0.17 63.5
BRA4-4·5.Q4'{; 200 5.93 lJ.7 1.33 320 47.6 0.916 114<) 036 141
BRA4-1·l.jj2.{; 200 4.25 47.1 Ul 211 47.6 0.915 851 035 91.9
BP,A4.2·5-04.{; 100 2.04 98 3.44 253 41.6 0.912 161 0.14 lU
Specimen B(mm) t(mm) BIt ..;a a .(MP,) ;; '(MP.) 'u N(kN) NIN, M",(lN·m)
W C~~l·a 125 3.2 39.1 1.81 443 94.1 0.965 1113 0.061 26
C4-3-l! 125 3.2 39.1 1.81 443 94.1 0.965 646 0.32 41.2
C8·1·, 125 3.2 39.1 1.81 443 94.1 0.965 1171 058 27.9
C8-3-a 125 3.2 39.1 181 443 94.1 0.965 602 0.3 40.7
e12-I-! 125 3.2 39.1 1.81 443 94.1 0965 1124 0.56 34.3
CI2·3·, 125 3.2 19.1 1.81 443 94.1 0.965 559 0,28 42.4
C'·lob 150 4.27 35.1 1.62 438 31.9 0.947 1184 0.69 32
C4-3ob 150 4.27 35.1 1.62 .38 31.9 0.947 725 0.42 57.2
C'·5·b 150 427 35.1 1.62 .38 31.9 0.947 514 0.3 65.8
Ca·l·b 150 4.27 35.1 1.62 438 31.9 0.947 1133 0.66 35.1
C8-3·b 150 4.27 35.1 1.62 '38 31.9 0.9., 665 0.39 57.1
C8·5·b 150 4.27 35.1 1.62 .0438 31.9 0947 484 0,28 6&.5
CI2·I·b 150 .27 35.1 1.62 438 31.9 0.947 1025 0.59 36.5
CI2-3·b 150 427 35.1 1.62 438 31.9 0.9.7 631 0.37 59.9
CI2-5-b 150 4.27 35.1 1.62 438 31.9 0.947 445 0.26 67
C4~3-<: 151 3.97 38.0 1.70 414 32A 0.945 112 0,44 55.6
C12·3-o 151 3.97 38.0 1.10 .14 32,4 0.945 590 0.36 56.8
B. width of steel tube, t: w411 thickness Qfst.ed. wk, ;;;: D0nD3.liu:dB/t rAtio- (8/t).p:!i;. 0lr: yield $1J'CS$ of steel tube.
/": C)'linder SlTt:ngtb of concrctt, N :o.pplied ooalload, Nl) : nominal sqUJ1Sh load, M....,.: rna.:umUOl expaimer.rt.:l..l moment
Sf"Cimal B<mm) t(1IIIJl) BIt ':]a ,,~(MJ>,) f,'(MPo) Iv N(kN) NINo M",(kN·m)
BC·32-46-20 305 8.636 35.3 1.25 256 lIO 0.874 2388 0.20 605
BC·32-46-40 305 8.636 35.3 1.25 256 110 0.874 4890 0,42 532
BC·32.80.20 305 8.89 :<4.3 1.79 559 110 0.874 2819 0.19 932
BC·32·80-40 305 8.89 34.3 1.79 559 JlO 0.374 5179 0.39 305
BC-4S-46-20 305 5.842 52.2 2.5 472 110 08n 2079 0.16 596
BC-48-46·22 305 5.842 52.2 2.5 412 110 0.872 25.1 0.2 629
8C-46-80·20 305 6.0% 50.0 2.33 653 JlO 08n 2335 0.16 G99
BC-48·SIJ-40 105 6.0% 50.0 2.83 658 110 0.812 .670 0.33 574
Sp<cim"" B(mm) t(mm) Bit 'J; a ,IMP,) ;; '(Mr.) 'u N(kN) NINo M",(kN'Ill)
ER4-A-4-4.5 149 4.38 31.9 1.21 262 41.1 0-950 155 0.52 42.2
ER4.A-4.20 149 4.38 33.9 1.21 262 41.1 0.950 259 0.18 55.9
ER4-C-2.06 216 4.38 49.3 1.76 262 25.4 0.907 1141 0.55 68.6
ER''-C·2-20 216 4.33 49.2 1.76 262 25.4 0.907 503 0.2. 101
ER4-C-1-06 216 4.38 49.2 1.75 262 41.1 0,907 1369 0.50 83.4
ER4-C-4-10 216 4.38 49,2 1.76 262 41.1 M07 1028 0.38 103
ER4·C-4.20 215 4.33 49.2 1.75 262 41.1 0.907 5S0 0.21 116
ER4-C·S·06 216 4.38 49.2 1.75 262 80.3 0.907 2011 0.46 122
ER4-C·3·10 216 4.38 49.3 1.76 262 80.3 0,907 1447 0.33 1'6
ER4-D-4-06 323 4.38 73,8 2.63 262 41.1 0.851 3306 0.60 201
ER4-D-4·20 323 4.38 13.8 2.63 262 41.1 0.S51 1479 027 297
ER6-A-4-4.5 145 6.36 22,8 1.25 618 41.1 0.960 1636 0.57 8S.3
ER6.A-4·20 145 6.36 22.8 ·1.25 618 41.1 0.960 611 0.21 126
ER6-C·2·06 211 6,36 33.2 1.82 6IS 25.4 0.911 2393 0.57 146
ER6·C--I·06 211 6.36 13.2 I.S2 618 41.1 0.911 2685 0.56 165
ER6.{;-1·10 211 636 33.1 I.B2 618 41.1 0.911 2090 0.43 216
ER6·C--I·30 212 6.36 33.3 1.82 6lS 41.1 0911. 858 0.18 25,
ER6·C·8·06 211 636 33.2 1.82 618 30.3 0.911 33% 0.53 206
ERG·C·8-l0 211 6.36 33.2 1.82 618 80.3 0.911 1434 0.23 299
ER6·D·4·10 318 636 50.0 2.14 618 41.1 0.355 1.00 0.47 40S
ER6-D-4-30 319 6.36 50,2 2.75 618 41.1 0.355 1961 0.22 593
Table 2.2 - eFT Specimen Database by Sakino and Nakahara [Sakino and Nakahara, 2000]
EAexp EAexpSpecimen (kips) EAuncr.tr
SC-32-46 1.168'106 1.00
*
-NA- -NA-SC-48-46
SC-32-80 1.229'106 1.05
SC-48-80 1.11 1'106 1.02
BC-48-46-20 1.087'106 1.01
BC-48-46-22 1.098'106 1.02
*Axial deformation instruments (LVDTs) gave unreliable data for specimen SC-48-46,
therefore the axial stiffness of Specimen SC-48-46 was determined from data acquired
when Specimens BC-48-46-20 and BC-48-46-22 were subjected to axial load.
Table 2.3 -Stiffness Results for Axial Stub Column Tests by Hull [1998]
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Specimen Pexp
Pexp Pexp
ASFy +O.85Acf: AsFy+Acf;(kips)
SC-32-46 2557 1.10 0.97
SC-48-46 2597 1.02 0.90
SC-32-80 3169 1.04 0.95
SC-48-80 2763 0.96 0.86
Table 2.4 - Strength Results of Axial Stub Column Tests by Hull [1998]
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Elexp.ser Elexp Elcxp Elexp EIexp EIexp EIexp
Specimen , E)g E)s EI Ae! EILRFD EIuncrlr EIer,tr(kip-in-)
BC-32-46-20 1.512'107 1.43 145 1.21 0.87 0.81 0.97
BC-32-80-20 1462'107 1.39 1.37 1.17 0.82 0.77 0.93
BC-32-80AO 1.8 I6'107 1.72 1.70 I 1.42 1.02 0.96 0.98
BC-32-46-40 1.512'107 143 ].45 1.21 0.86 0.81 0.83
BC-48-80-20 1.302·](]7 1.23 1.72 US 0.87 0.79 1.03
BC-48-80-40 1.723-107 1.63 2.28 1.78 US 1.04 1.07
BC-48-46-20 1.244'107 1. 18 1.71 1.33 0.84 0.77 1.00
BC-48-46-22 1.327·](]7 1.26 183 1.42 0.90 0.82 l.07
Table 2.5 - Stiffness Results of Beam-Column Tests by Hull [1998]
w
.j:o.
Specimen
M exp
MLRFD/Mexp MAcrlMexp MAU/Mexp
(kip-in)
BC-32-46-20 5357 0.51 0.88 0.89
BC-32-80-20 8246 0.70 0.88 0.98
r
BC-32-80-40 7125 0.57 0.83 1.04
BC-32-46-40 4705 OAO 0.93 1.02
BC-48-80-20 6184 0.79 1.00 1.15
BC-48-80-40 5076 0.71 1.01 1.39
BC-48-46-20 5274 0.68 1.00 1.02
BC-48-46-22 5563 0.63 0.93 0.99
Table 2.6 - Strength Results of Beam-Column Tests by Hull [1998]
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Figure 2.1 - Stress-Strain Curves for Normal and High Strength Steel
[Salmon and Johnson, 1996]
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Figure 2.3 - Stress-Strain Curves for Normal and High Strength Concrete
[Nilson, 1987]
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Figure 2.4 - Stress-Strain Response for Confined Concrete [Collins and Mitchell, 1991]
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Figure 2.9 - Schematic of Stub Column Tests Conducted by Hull [1998]
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CHAPTER 3
EXPERIMENTAL SETUP
3.1 General
In this chapter the experimental setup is described. Eight two-thirds cyclic beam
column specimens were tested. The specimens modeled concrete filled tube (CFT)
columns of the first floor in a prototype CFT six story moment resisting frame. A detailed
explanation of the specimen fabrication and preparation for testing is included. Properties
of the steel and concrete used are presented in this chapter. The specimens were loaded
as fixed cantilever beam-columns with a concentrically applied axial. A horizontal load
was cyclically applied to the free end of the specimen with increasing amplitudes.
Displacements2. rotations, and axial strains were measured at various sections along the
height of the specimen. Combinations of steel strength and tube thickness was tested at
10% and 20% of their axial capacity.
3.2 Prototype Frame
The six story CFT moment resisting frame (MRF) building designed by
Muhummud [2000] was selected as ~he prototype structure for the testing program.
Muhummud's design is a six-story CFT frame with perimeter moment resisting frames.
The story heights are each 12-foot high, except for the first floor which is IS-foot high.
The north-south frame has four 21-foot bays and a 31.5 foot center bay. The east-west
frame has six 21 foot bays. All exterior columns are fixed at their base except for the
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corner columns which are pinned in the north-south direction. Plan and elevation views
of the prototype structure are given in Figures 3.1 and 3.2.
The frame was designed as a special moment resisting frame using National
Earthquake Hazards Reduction Program (NEHRP) Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures [1997]. The building was assumed
to be located in Los Angeles, California in a Seismic Use Group Type I, Soil Profile Type
D, and Seismic Performance Category, D. The building design was based on a response
modification factor, R, of 8 and a displacement modification factor, Cd, of 5.5. The
fundamental period in north-south and east-west directions was 2.40 seconds and 2.32,
respectively. The spectral response acceleration, S1, at a period of one second was b.67g
with 5% viscous damping assumed in the design.
The columns in the six story prototype MRF were 18x18x5/8 steel tubes with a
steel yield stress of 80 ksi and with 8 ksi concrete strength. The test specimens have a
width of 12 inches and were pproximately therefore two-thirds scale. The test height of
the specimens was 58.5 inches, representing approximately over half the story height in
the prototype structure. Therefore, it was assumed that the inflection point in the
prototype column under lateral loading was at midheight.
The prototype structure was subjected to different loading conditions. Dead, live,
and wind loads were chosen based on ASCE-7 criteria [ASCE, 1995]. Earthquake loads
were used as specified by NEHRP [NEHRP, 1997]. Load combinations were based upon
ASCE-7 recommendations. Also, the steel wide flange beam capacity was based on the
46
LRFD design provisions [AISC, 1993] and CFT columns were based on ACI design
provisions [ACI, 1999] for composite columns. The member design was found to be
controlled by drift criteria.
In each case axial loads where tallied for each column as a percentage of each
column's ultimate axial strength, or squash load Po, based upon superposition of ultimate
steel and concrete strengths. The largest ratio of axial load to column capacity was found
to exist during mechanism behavior under a triangle equivalent seismic lateral load
distribution. The largest first story ratio of axial load to capacity, PIP0, was 17%. The
second and third stories had maximum P/Po ratios of 0.13 and 0.10, respectively. All
maximums occurred in the north and south frames. This shows that the maximum
expected P/Po in a column for this frame is bounded by 20%. Four of the cyclic beam
column test specimens were tested at this level, which coincide with previous monotonic -
tests performed on similar specimens tested by Hull [Hull, 1998]. The second set of test
specimens with the same thickness and steel strength parameters were tested under the
current program at 10% of their axial capacity.
3.3 Test Matrix
The test matrix included eight specimens with varying bit (width-to-thickness)
ratios, steel yield strengths Fy, and axial loads relative to the squash load Po, Table 3.1
provides a listing of all eight cyclic beam columns and their nominal parameters. Table
3.2 provides the measured values. The designation for each beam includes type of
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loading, bit ratio, Fy, and axial load as a function of Po, (i.e., P/Po). For example CBC-
32-46-10 is a cyclic beam column with a nominal bit ratio of 32, a nominal yield strength
of 46 ksi, and a PIP0 ratio of D.1 O.
Nominal bit ratios of 32 and 48 where tested. Nominal Fy strengths of 46 ksi
(A5DD Grade-B) and 80 ksi (A50D Grade-80) where tested. This combination provides a
total of four possible combinations which were tested at the axial load levels of 10% and
20% of Po. Concrete compressive strength for all specimens was considered to be 16 ksi,
the average of cored cylinder compression tests. The cyclic beam specimen's entire
length was 78 inches but only 58.5 inches was the testing length. As discussed later in
the chapter, the extra 19.5 inches served as the region to clamp the column to the testing
floor and provide a fixed connection of the base of the column.
3.4 Fabrication and Preparation of Specimens
A500 Grade-B and Grade 80 steel coils, provided by Lukens Steel, were used to
produce the steel tubes for the experiments. Bull Moose Tube Company formed these
coils into tubes using the Form Square-Weld Square Process which is compliant with
ASTM A500 requirements for manufacturing hollow structural sections [ASTM A50D,
1997]. The steel coils were cut to the required width. The coil was then driven through
rollers to produce the corners nearest the seam weld. The other two comers were
produced in a similar manner. Figure 3.3 illustrates the process. Next, the seam was
welded using high frequency contacts. After welding, the tube was allowed to cool and
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rolled once again to produce the final shape. Finally, the tube was saw cut to the desired
length.
Tubes were manufactured for this experiment and the previous monotonic beam
column experiments conducted by Hull [1998] which required an overall tube length of
156 inches. All tubes were manufactured at this length. Additionally, Hull's experiment
required 2 inch diameter holes to be drilled in the steel at 12 and 45.5 inches from each
end. These tubes were later cut in half for the cyclic beam column experiments. Figure
3.4 shows a specimen tube after being cut at the required length for a cyclic beam-column
specimen, with the location of the drilled holes shown. The top of the cyclic beam-
column specimen corresponds to the end which was cut. A discussion of the tube cutting
process will follow.
After drilling the holes, the tubes were sent to Chicago, Illinois to be filled with
high strength concrete by Prairie Materials which regularly produces concrete with
compressive strengths greater than 15 ksi. Necessitated by the tests conducted by Hull
[1998], PVC tubes where inserted into the drilled holes prior to concrete placement (see
Figure 3.4). The steel tubes where then set upright and braced against scaffolding after
being plumbed. For additional safety, the tubes were tack welded at the base to a large
steel plate. Figure 3.5 shows a photograph of this setup.
Before concrete placement, ten cylinders were cast using plastic cylinder molds and
a slump of 9 inches was measured in compliance with ASTM C31 [1997]. The beam
columns were then filled sequentially using a concrete bucket and excavator in three lifts.
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After each lift, the concrete was vibrated with an electric vibrator. After half of the tubes
were filled, ten more cylinders were made in the same manner as before. After
completion of concrete placement, a final ten cylinders where cast.
Tubes were overfilled, which were ground flush later after curing. To provide
optimal curing, the tube ends were covered with wet burlap and sealed with plastic
immediately upon completion of pouring. After three days of curing, the specimens were
shipped by a flatbed truck to Fritz Laboratory at Lehigh University as shown in Figure
3.6. After keeping the burlap moist for 56 days the ends were ground flush with a grinder
and checked for square.
The specimens remained in Fritz Laboratory during Hull's testing. At the onset of
the cyclic beam column testing, the remaining specimens were brought by truck to the
Advanced Testing for Large Structural Sy.stems center at Lehigh University. The 156
inch specimens were then cut in half. The steel was cut around the tube perimeter using a
gas powered saw with a carborendum blade. The concrete was then allowed to break
under its own weight producing an uneven surface with a maximum depth deviation from
the steel of 1 inch, as shown in Figure 3.7. The section where the cut was made would
become the top of the specimen which was a region of zero moment in the test setup.
Following cutting, the concrete was chipped with a pneumatic hammer until all
concrete was at or below the level of the steel. Next, the steel was ground square with the
sides of the tube. To produce a level surface, the tubes were stood on their base and high
strength hydrostone was used to fill all concrete voids.
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The final preparation of the test specimens was the removal of the PVC tubing and
plugging of the holes. The PVC was removed with a mallet and rod of similar diameter
to the PVC. Any extra concrete was cleared from the steel and 80 ksi plugs were welded
into the holes with partial penetration groove welds. Holes of 0.25-inch diameter were
drilled in the plugs to pump high strength grout into the void. To prevent air pockets, the
specimens were placed so that one hole was facing up and the grout was pumped from
below to until it exited the top hole. The grout plug in the tubes was allowed to cure a
minimum of 30 days before testing the specimen.
The lower hole or plug, located at 12 inches from the base was in the area of
clamping below the test base and does not occur within the testing height. The upper
hole, located at 45.5 inches from the specimen base, was 26 inches from the testing base
of the specimen. These locations are shown in Figure 3.4. The moment experienced at
the section at the upper hole was 56% of the maximum moment experienced by the
specimen at the base of the column.
3.5 Material Properties
In addition to the test specimens, extra tubes were produced from the same heat for
materials testing. Steel properties were determined by performing uniaxial tension
coupon tests with dimensions in accordance with ASTM E8 [ASTM 1997] using an
eight-inch standard gage length. Six coupons were tested for each heat (four heats). The
coupons were removed from the centerline on the north and south faces. Since the weld
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seam existed on the east face, two coupons were taken from both the east and west faces
that were 3 inches from the centerline. Figure 3.8 shows these locations.
The coupons were tested according to guidelines outlined by the Structrual Stability
Research Council [Galambos, 1994] for standard tension testing of metallic materials.
Typical stress-strain curves for each heat are presented in Figure 3.9. The figure shows a
well-defined yield strength'. The two different grades of steel of 0.25 inch thickness show
a yield plateau. Grade-80 had higher yield strengths than the Grade-B while exhibiting a
lower ultimate strain. It can also be seen that a smaller tube thickness of the same grade
steel resulted in a higher yield stress. From Figure 3.10 it can be seen that there is a
variation of yield stress around the perimeter of the tube. Of note is the fact that bit ratio
of 32 and Fy of 46 ksi had an actual yield stress of 37.2 ksi, while bit ratio of 48 with the
same nominal Fy had an actual yield stress of 68.5 ksi. Table 3.3 summarizes the average
results from the coupon tests including E s, Est, Fy, Fys, Fu, YR, Ey, and J.L which are the
Young's Modulus, modulus at the onset of strain hardening, yield stress at 0.2% offset
strain, static yield stress, ultimate strength, yield ratio (yield stress divided by ultimate
strength), yield strain, and strain ductility (ultimate strain divided by yield strain),
respectively.
The high strength concrete material properties where obtained by testing the six
inch diameter cylinders produced during concrete placement and ones cored from an
extra specimen. Cylinders were tested in axial compression in accordance with ASTM
C39-89 [ASTM, 1997]. Moist cylinders, cured in sealed plastic molds were tested at 7,
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14,28, 56, and 90 days after pouring. Four limestone bath cured cylinders were tested at
28 days after pouring. To simulate in-situ conditions, the cylinders cored from a spare
CFT specimen were tested. These were tested after completion of the monotonic
specimen tests [Hull, 1998] and cyclic specimen tests. Consequently, the cored
cyclinders were tested at 110 days and 36 months after pouring. Figure 3.11 shows the
cored cylinder locations.
Axial strain was measured during cylinder testing though the use of clip gages, as
shown in Figure 3.12, attached to the specimen with aluminum blocks and high strength
epoxy. Four gages were centered at mid-height and placed at 90 degrees from each other.
Figure 3.13 displays concrete compressive strengths for different types of cylinders
versus time after pouring. Figure 3.14 shows typical stress-strain curves for cored
_cylinders. They exhibit a brittle sudden failure at peak load and no defined plateau.
Table 3.5 presents h, D, hiD, fe, Eue, and Ee corresponding to the height, diameter,
compressive strength, crushing strain, and Young's Modulus, respectively for each cored
cylinder. The average crushing strain was 0.0026 in/in and the value for Young's
Modulus was 6154 ksi. Since the cored cylinders were less than 12 inches in height, a
correction factor, RF, was applied to the concrete compressive strength [Bartlett &
MacGregor, 1994]. The factor is defined as follows:
( - J( ?, fcNS h -RF=l+ -0.144+0.227Z d+0.003-- 2--)w 1000 D (3.1)
where Zwd is the indicator variable for core moisture condition, take as 0.5, and fcNS IS
the average uncorrected strength of the concrete core specimen, with constant hiD ratio
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between 1 and 2. The actual value of RF was very small, an average of 0.9984. The
corrected cylinder strength values are given in Table 3.4. The average cylinder
compressive strength, fe, over the duration of experimental testing used to determine
specimen predicted strengths and stiffnesses was 16 ksi.
3.6 Experimental Test Setup
The cyclic beam-column experimental test setup was designed to apply a constant
axial force to the specimen while applying a varying horizontal force to the top of the
specimen. The axial force was applied with the aid of clevises and pins such that the line
of action went through the test base of the specimen and produced no p-~ moment at the
base. The horizontal force induces a single curvature moment gradient upon the
specimen as illustrated in Figure 3.15. Figure 3.16 shows a schematic of the test serup
with its components labeled. 3.17 is a photo of the experimental setup with major
components and applied forces identified.
The test specimen was clamped at the base on the north and south sides by two
specimen tie down beams. Each beam was constructed from two A570 (50 ksi) modified
W18x143 beams of 19.5-inch depth that were welded together at their flanges. Each
beam had a 3-inch end plate welded to the end attached to the specimen. The beams were
clamped against the specimen via ten B7 1.5 inch diameter tlu-eaded rods, five on both
the east and west sides, that ran though the three inch plates and which were tensioned to
a force of 125 kips each. This provided a fixed base, and the region of the specimen
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confined by the tie down beams was referred to as the panel zone. The test base of the
specimen was considered to be where the tube interfaced with the tie down beams.
Additionally, confinement plates were provided on the east and west faces of the steel
tube in the panel zone.
The forces encountered by the specimen and tie down beams were transferred to
the strong floor though a concrete foundation block and steel reaction plate. The purpose
of the foundation block was to act as a spreader beam underneath the specimen to transfer
the axial load into the specimen. The concrete block was 12 inches high by 27 inches
wide and 8 feet in length (north to south direction). It was constructed from 10 ksi
concrete with reinforcing bars and post tensioning rods to prevent cracking. Within the
block, under the specimen were two 14 by 14 inch steel plates of I-inch thickness at the
top and bottom surfa~es of the block. These plates were connected by threaded steel rods
to help transfer the bearing load from the specimen to the steel reaction plate. Friction
and a shear key were provided for horizontal shear transfer between the foundation block
and the steel reaction base plate. The shear key consisted of a 12 inch by 12 inch by 3-
inch deep steel plate welded to the center of the reaction base plate.
The specimen was secured to the strong floor by four 3-inch diameter threaded tie
down rods that ran from the tie down beams into threaded holes in the floor at a force of
150 kips each. Additionally, the tie down beams are attached to the steel reaction base
plate by eight I-inch B7 threaded tie down rods that ran from the tie down beams into
tapped holes in the base plate at a force of 50 kips each.
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The axial and lateral applied forces were applied to the top of the specimen though
a loading attachment. The loading attachment was a closed box section with an interior
steel grid to transfer the axial load. It was constructed of A570 (50 ksi) steel and milled
in order to bare square upon the end of the specimen. The loading attachment was
clamped to the top of the specimen by two 2-inch thick steel plates on the north and south
side with four I-inch diameter B7 thread rods, two on the east face and two on the west
face, at a force of 50 kips each. The lateral load hydraulic actuator, with a capacity of
220 kips, was attached to the specimen by a clevis which was bolted to the loading
attachment north plate so that it's line of action coincided with the top of the specimen.
The other end of the actuator was attached to the reaction wall by another clevis.
The axial load was applied by a hollow core axial load jack which was attached to
the top of the loading attachment. Bolted on top of the hollow core axial load jack was
an axial loading beam constructed of two WI4x3II beams connected side by side with
internal stiffeners that were plug welded to the webs with stitch plates on top and bottom.
The reaction for the hollow core axial load actuator was provided by two axial load
tension rods which ran from the clevises that attach to the steel reaction base plate by
vertical steel plates to the axial loading beam. The axial load tension rods were attached
to the axial loading beam by nuts, which rested on machined rocker bearings bolted to the
axial loading beam.
The first test the steel reaction base plate was placed on the strong floor with a layer
of hydrostone between them. Next, the concrete foundation block was hydrostoned and
~
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shimmed to the reaction plate so that it was level. After the hydrostone cured, the north
tie down beam was hydrostoned and shimmed in place so that the face of its 3 inch plate
was plumb. This beam remained in place, untouched though out the experiments. Figure
3.18 shows this stage where the north beam is in the foreground. The south beam is on
the concrete block but not tensioned to the floor.
For each experiment the loading attachment was inverted and laid upon the floor
and leveled.. Then the specimen was placed top down on the lmiding attachment with
hydrostone. The two 2-inch thick plates were attached to the sides and hydrostone was
poured between all interfaces. The specimen was clamped to a stationary column so that
it remained plumb during curing. This stage in the setup is shown in Figure 3.19. After
the hydrostone cured, the loading attachment was secured by fully tensioning the
threaded rods.
The specimen was then turned right side up and placed between the tie down beams
with a gap of 0.25 inches on each side on top of the foundation block with hydrostone.
Hydrostone was poured into the gaps between the test column and the tie down beams.
After curing, the tie down beams were tensioned fully together and the south tie down
beam was fully tensioned to the floor. Following this, the hollow core axial load actuator
and axial loading beam were attached to the loading attachment with hydrostone and set
screws. The nuts on the axial load tension rods were turned until they came in contact
with the rocker bear. Finally, the lateral load actuator clevis was bolted to the loading
attachment plates. Removal of the specimen followed in the reverse order.
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Loads were applied to the specimen through the hollow core axial load actuator and
lateral load. The lateral load actuator was a Hanna 38 inch stroke, 225 kip capacity
hydraulic actuator. The hollow core axial load actuator was a Swiss-Aire 8 inch stroke,
2000 kip capacity hydraulic actuator. Each actuator was monitored and controlled by it's
own control box and computer. A schematic of the actuator control setup is illustrated in
Figure 3.20.
The computer ran X8700 control software and operated in conjunction with a
Vickers hydraulic control box. Force was supplied to the actuators by oil pressure from
the laboratory's main hydraulic supply. The amount of force supplied to the actuator was
controlled by the amount of oil flow. The computer and control box adjusted this through
the use of a digital control valve (DCL). The computer and control box sent the
command to the hydraulic service manifold (HSM) for system pressure (low or high) and
the DCL worked with the computer to supply the right amount of oil to achieve the
desired command.
Command of the force application was achieved by monitoring devices. A load cell
and temposonic differential transducer monitored the lateral load actuator force and
stroke output, respectively. Load cells on the axial load tension rods monitored the axial
load actuator output. These devices sent their output to the computer controller and had
the DCL change oil flow based upon the current state and user command. The lateral load
actuator was controlled with displacement commands. The computer displayed
displacement and load. The axial load actuator was controlled by load commands.
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There were several fail-safe devices employed by the computer control system.
Digital faults were set by the user on the computer specifying upper and lower limits for
monitored values in addition to errors between command and system output. The user set
manual faults on the lateral load actuator. These faults were attached to the actuator and
tripped by any excessive displacement. When a fault was tripped, the HSM switched the
axial load pressure to low to maintain a low level of axial load. The lateral load HSM
switched the oil pressure to off. Faults had to be cleared and reset before hydraulic
pressure was returned to normal. As an extra precaution, large red panic switches were
placed next to the computer for manual shut off of the system pressure in the event of an
emergency.
3.7 Instrumentation Plan
Throughout the experiment, data from instruments was taken by DATACQ 4.2, a
computer controlled data acquisition system. For each experiment 11 linear variable
differential transducers (LVDTs), 6 rotation meters, 4 linear potentiometers, 1 string pot,
and 32 strain gages were used to measure the state of the specimen. A calibrated load
cell on the actuator measured the lateral load. Load cells on the axial tension rods,
consisting of calibrated full wheatstone bridge strain gage arrays, measured the axial
load. An external plotter plotted lateral load versus top displacement thoughout the
experiment. The data acquisition system, control computer, and instrumentation were
plugged into a back-up power supply in case of an electrical outage.
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Rotation meters were located on the west face centerline along the height of the
specimen, measuring its rotations in the north-south plane. One rotation meter was also
attached to the west axial load tension rod to measure setup displacement. Figure 3.21 is
a schematic of all rotation meter locations. Rotation meters were attached to the
specimen by threaded coupler nuts which were tack welded to the specimen. The
rotation meters were powered by a 15 volt power supply and the signal was gained by a
factor of 25 with Vishay conditioners. Each rotation meter had an average resolution of
0.0027 degrees and a range of +/- 5.50 degrees. The rotation meters were calibrated
before testing by averaging three ten-point regressions.
Lateral displacements along the height of the speCImen were measured usmg
LVDTs attached to a stationary column and the south face of the specimen. Figure 3.22
shows a schematic of their layout. LVDTs were attached at 6, 12, 24, 36, 48, and 58.5
inches above the specimen test base. All LVDTs were pilmed at their connection points
to allow umestricted rotational movement. Two LVDTs were placed at the 58.5 inch
height because one was used to monitor specimen top deflection and control the
experiment. The other provided a backup in case of failure. The LVDTs were powered
by a 15 volt power supply except for the one at 6 inches which was powered at 10 volts.
The LVDTs had resolutions of 0.00036, 0.0009,0.001,0.0018,0.0036, and 0.004 inches
and ranges of +/- 0.75,1.95, 1.97,3.73,7.45, and 8.10 inches at the 6, 12,24,36,48, and
58.5-inch heights, respectively. All LVDTs were also calibrated in a similar manner as
the rotation meters.
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Axial chord shortening of the specimen was measured at two lengths. The overall
chord shortening was measured by two LVDTs powered at 15 volts with a range of +/-
1.95 inches and a resolution of .0005 inches each. These LVDTs were attached at the
column base to the tie down beams 4 inches north and south of the specimen centerline at
50 inches above the test base on the east face. Figure 3.22 indicates their locations. The
specimen is concealed above this point by the loading attachment. The average of the
two displacements indicates chord shortening, At the plastic hinge, assumed to be the
lower 12 inches of the specimen, chord shortening was measured on the west face in a
similar manner, only the LVDTs used were attached to the specimen at 12 inches above
the test base. Figure 3.22 also indicates their locations. These LVDTs were powered at
10 volts with a resolution of .0007 inches and a range of 3.00 inches each.
Any slip that occurred between the foundation block and the steel reaction base
plate, the tie down beams and the foundation block, and the specimen and tie down
beams was measured with the aid of linear potentiometers. These potentiometers were
powered at 10 volts, had a resolution of 0.00036 and a range of +/- 0.75000.
Additionally, overall lateral displacement of the rocker bearing was measured with the
aid of a string pot powered at 10 volts with a resolution of .006 inches and a range of +/-
12.5 inches.
Axial strains along the height of the specimen at different cross sections were
measured with the aid of 32 l20-ohm uniaxial strain gages. Figure 3.23 indicates their
locations. Gages were located at 3, 6, 15, and 30 inches above the specimen test base.
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Each gage was powered at 4 volts, gained by a factor of 100, and signal conditioned by a
home-made strain gage conditioner. Each gage had a resolution of 24 microstrains and a
range of +/- 48000 microstrains.
3.8 Test Procedure
Prior to testing, an experimental lateral load capacity, Hu,predicted, was determined.
For the'specimens with an axial load of 20% of their squash load capacity, the Hu,predicted
was assumed to be the maximum moment obtained in the monotonic test performed by
Hull [Hull, 1998] divided by the specimen height of 58.5 inches. For the 10% axial load
specimens, since no prior data existed, Hu,predicted was determined by a section fiber
analysis and is described by Vanna [Varma, 2000]. Before the test, the axial load was
applied at a .rate of 60 kips per minute. Halfway through the axial loading, the strains
around the cross section at a height of 3 inches above the base were recorded. Upon
completion of the full axial load, these strains were recorded again. If all gages were
within three resolution points and/or it was shown that the incremental change between
50% of the axial target load and full application was the same for all gages then the axial
load was considered properly aligned. If this was not the case, the specimen was
unloaded and the nuts on the axial load tension rods above the rocker bearing were
adjusted until proper alignment was achieved. The specimen was then unloaded.
At the beginning of the test, all actuators, controllers, and instruments were
activated. The top of the specimen was at zero displacement. All instruments were
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zeroed out using the data acquisition system and data collection was initiated. Data was
collected based upon axial load, lateral load, and top displacement at user set intervals.
Next, the axial load was applied at a rate of 60 kips per minute. During axial loading, the
lateral load actuator was instructed to hold zero displacement. After full axial load was
achieved, the axial load controller was set to hold this load throughout the experiment
and high and low fault setting were set.
During the experiments, the lateral displacement was applied at a rate of one inch
per 100 seconds. The user stopped the lateral displacement when the target load was
reached. During each complete cycle, the specimen was taken in the north direction first
until the load was reached. The data acquisition system was manually instructed to take a
set of data and vital information and observations were recorded in a lab notebook. Next,
the specimen was returned to zero displacement and the same process was repeated in the -
south direction to a complete a cycle of lateral displacement. The first part of the
experiment was determining the yield displacement, t1y based upon Hu,predicted. Two
complete cycles (one north displacement and one south) were completed at a peak lateral
load of 0.25 Hu,predicted, 0.50 Hu,predicted, and 0.70 Hu,predicted. The displacement t1y was
computed using the recorded parameters from the first cycle at 0.70 Hu,predicted and
predetennined Hu,predicted, where:
t1 _ H u, predicted
y - (0.70H d' d 1 +0.70H . )
u, pre lcte , u, predlcted,2
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(3.2)
where ~l, ~2, 0.70Hu,predictedl, and 0.70Hu,predicted2 are the north displacement at 0.70
Hu,predicted, the south displacement at 0.70 HlI,predicted, the lateral load at 0.70 Hu,predicted in
the north direction, and the lateral load at 0.70 HlI,predicted in the south direction,
respectively. Figure 3.24 contains a diagram and the equation for the calculation of the
yield displacement. Once ~y was determined, the rest of the experiment was carried out
using a predetermined displacement history, based upon the yield displacement. Figure
3.25 displays the intended displacement history to be imposed to the specimens. The
cyclic loading history was determined in accordance with the ATe guidelines for cyclic
seismic testing of components of steel structures [ATC 24, 1992],
Three complete inelastic cycles of 1.0~y, 1.5~y, and 2.0~y were performed. Once
these cycles were completed, two complete inelastic cycles of 3.0~y, 4.0~y, 5.0~y, and
6.0~y were performed. At the end of each inelastic displacement level, an elastic cycle
was performed. At zero displacement, the specimen was displaced in the south direction
until a lateral load of 25% of the peak load within that displacement level was reached.
After recording data in the lab book, the specimen was returned to zero displacement and
the next displacement level cycle began. Testing was concluded when specimen failure
occurred, the lateral load had dropped below 50% of the peak recorded load, or further
loading became unsafe. After two cycles of 6.0~y, if this criterion had not been met,
cycling at this displacement level was continued until the specimen capacity had
deteriorated below 50% of its maximum value. Once cyclic testing had ended, the
specimen displacement was brought near to zero displacement if possible and unloaded
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axially. Next, the lateral load was allowed to slowly drop and hydraulic pressure was
turned off. Finally, the data acquisition program was exited and all data was saved on
external media and backed up. Later, after removal of the specimen, the lower 24 inches
of the specimen on the north face was removed with an acetylene torch and then
examined. Throughout testing, photographs were taken at key events and the last cycle of
each displacement. All noticeable events such as concrete cracking, concrete crushing,
and local buckling were noted and recorded in the lab notebook.
After an initial experiment with a PIP0 ratio of 0.20 had been completed, the results
were examined. It was shown that a rotation of the base (specimen panel zone and tie
down beams) developed during testing which produced a rigid rotation of the specimen.
This rotation had a non-linear relationship to the lateral load and varied with specimen.
This base rotation was not accounted for in the calculation of f:...y• Additiomi.lly, this
rotation was not taken into account when going to a displacement that was a multiple of
f:...y. The corrected f:...y was used to formulate a corrected displacement loading history for
the remaining specimens to make them comparable to the completed test.
The corrected loading history still included the 0.25 Bu, 0.50 Bu, and 0.70 Bu
levels of displacement. The new yield displacement levels were determined to be 1.0f:...y•
1.5f:...y, 2.0f:...y, 3.0f:...y, 5.0f:...y, 7.0f:...y, and 8.0f:...y• Figure 3.26 displays this loading history.
Determination of f:...y at 0.70 Bu was similar in manner to that presented above with a PlPo
ratio of 0.20 with the exception that the base rotation was taken into account and
subtracted from the peak displacements producing a corrected f:...y. The subsequent
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multiples of /!:,.y were based upon this corrected yield displacement and base rotation was
also taken into account for these displacements. If the failure criterion described above
had not occurred by the second completed cycle of 8.0/!:"y, the specimen was cycled at this
displacement level until the specimen capacity had dropped below 50% of its maximum
value.
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Specimen Nominal bit Ratio Nominal Fy (ksi) Nominal P/Po
CBC-32-46-10 32 46 0.10
CBC-32-46-20 32 46 0.20
CBC-32-80-10 32 80 0.10
CBC-32-80-20 32 80 0.20
CBC-48-46-1 0 48 46 0.10
CBC-48-46-20 48 46 0.20
CBC-48-80-10 48 80 0.10
CBC-48-80-20 48 80 0.20
Table 3.1 - Test Specimen Matrix
0\
00
Specimen bit Ratio Width b Thickness t Fy (ksi)(in.) (in.)
CBC-32-46-10 35.29 12 0.34 37.2
CBC-32-46-20 35.29 12 0.34 37.2
CBC-32-80-10 52.17 12 0.23 68.5
CBC-32-80-20 52.17 12 0.23 68.5
CBC-48-46-10 34.29 12 0.35 81.1
CBC-48-46-20 34.29 12 0.35 81.1
CBC-48-80-10 50.00 12 0.24 95.5
CBC-48-80-20 50.00 I 12 0.24 95.5
Table 3.2 - Test Specimen Measured Values
0-
-0
Steel Thickness t E s Esl Fy F ys F u VR £y(in.) (ksi) (ksi) (ksi) (ksi) (ksi) (in/in) II
A500 Grade - B 0.34 23780 382 37.2 35.2 59.7 0.62 0.0013 146
A500 Grade - B 0.23 29615 192 68.5 65.7 77.4 0.89 0.0024 66
A500 Grade - 500 0.35 28482 210 81.1 75.9 93.8 0.86 0.0028 46
A500 Grade - 500 0.24 28146 174 95.5 90.4 106.4 0.9 0.0033 38
KEY
Es =Young's Modulus
Est =Modulus at the Onset of Strain Hardening
Fy =Yield Stress at 0.2% Offset Strain
Fys =Static Yield Stress
Fu =Ultimate Strength
YR =Yield Ratio (FylFu)
£y =Yield Strain
!.l =Strain Ductility (Strain at Ultimate Strength to Yield Strain)
Table 3.3 - Steel Coupon Data
23
Cored Height h Diameter f'e EcConcrete hID cue(in.) D (in.) (ksi) (in/in) (ksi)
1 10.875 6 1.81 16.02 -NA- -NA-
2 10.828 6 1.80 15,54 0.00273 5690.2
3 11.125 6 1.85 15.44 0.00264 5877.5
4 10.625 6 1.77 16.27 0.0026 6243.3
5 10.375 6 1.73 16.94 -NA- -NA-
6 11.5 6 1.92 15.31 -NA- -NA-
7 11.438 6 1.91 15.27 -NA- -NA-
KEY
h =Height of Concrete Cylinder
D = Diameter of Concrete Cylinder
hiD = Height-to-Diameter Ratio
f'e =Corrected Compressive Strength of Concrete Cylinder
tuc = Crushing Strain of Concrete Cylinder
Ec = Modulus of Elasticity of Concrete Cylinder
Table 3.4 - Concrete Cylinder Data
• Rigid connection
~ Pin connection
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Figure 3.1 - Floor Plan of Prototype Frame
71
WEST-EAST EXTERIOR FRAME
W18x40 W18x40 W18x40 W18x40 W18x40 W18x40
b
...
to.
...
~ ~ ~~ ~
W18x40 W18x40 6 W18x40 6 W18x40 6 W18x40 6 W18x40
~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~II ~ ~
6 W27x84 is W27x84 6 W27x84 6 W27x84 6 W27x84 6 W27x84 U
~ ~ ~ ;:; ~ ;:; ~. ~~ ~ ~ ~ .
is W27x84 6 W27x84 6 W27x84 6 W27x84 6 W27x84 6 W27x84 is
~ ~ ~ ~ ~ ~ ~~ ~ ~ ~i1
is W30x90 is W30x90 6 W30x90 6 W30x90 6 W30x90 6 W30x90 is
~ ~ ~
~ ~ ~ ~
~ ~ ~ ~ ~i1 IIis W30x90 is W30x90 6 W30x90 6 W30x90 is W30x90 6 W30x90 U
~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~~ II i1
u 6 5 6 6 is u
<) /// 7/ / /// 77T J(
I~._21'~.I._2_1' ~.I._21'---..1. 21' .1. 21' .\. 21' .1
NORTH-SOUTH EXTERIOR FRAME
W18x40 W18x40 W18x40 W18x40 W18x40
~
~
~ ~ ~
~ ~ ~ ~ to.~ .li ~
is W18x40 6 W18x40 6 W18x40 6 W18x40 is ...W18x40
~ ~ ~ ~
~ ~ ~ ~ ~ to.
u is 6 u u ...W30x90 W30x90 W30x90 W30x90 W30x90
~ ~ lJ lJ ~~ ~~ &l 6l
is W30x90 6 W30x90 5 6 ~ ...W30x90 W30x90 W30x90
~ ~ ~ ~~ ~ ~ ~:;1 .
W30x90 is W30x90 6 W30x90 5 W30x90 6 W30x90 6 ...
~ ~ ~ ~ - :--. ~ ~ ~ ~ ~i1 ~ .ll
W30x90 6 W30x90 6 W30x90 6 W30x90 6 W30x90 U ...
~ ~ ] ~ ~~ ~ ~ II ~ b5 u 6 5 6 ...
7lT 77T ///
I. 21' .1. 21' .1....-._31_"FI----+.I. 21' .1. 21' .1
Figure 3.2 - Elevation of Prototype Frame
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Figure 3.3 - Fabrication Sequence of Steel Tubes
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Figure 3.4 Location of Through-Holes in Specimens
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Figure 3.5 - High Strength Concrete Being Poured Into Steel Tubes
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Figure 3.6 - Storage of Specimens in Fritz Laboratory
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Figure 3.7 - Ends of Specimens After Being Cut In Half
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Figure 3.17 - Test Setup with Lateral and Axial Forces Shown
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Figure 3.18 - Specimen Tie Down Beams Before Specimen Is Hydrostoned into Place
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Figure 3.19 - Specimen Being Hydrostoned into Loading Attachment
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CHAPTER 4
EXPERIMENTAL BEHAVIOR
4.1 General
In Chapter 4 the experimental behavior observed during testing along with the
lateral load-displacement (H-.6) relationship is presented for each specimen. Major
events, such as yielding, initiations of steel tube local buckling, and strength degradation
are discussed in relation to the imposed displacement level and cycle in which they
occurred. In addition, the state of the specimen at test conclusion and its dissection is
included.
4.2 Cyclic Beam Column Tests
4.2.1 Specimen CBC-48-46-10
Specimen CBC-48-46-1 0 had a nominal bit ratio of 48 and a nominal yield stress,
Fy, of 46 ksi. A constant axial load of 265 kips was applied to specimen thoughout the
experiment. During the application of the axial load it was paused at 150 kips to check
.alignment with the aid of strain gages at a section 3 inches above the test base. Upon full
application of the axial load, the strain gages at the same section were checked again and
alignment was found to be satisfactory. Figure 4.1 shows CBC-48-46-10 after the axial
load had been applied.
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The specimen was then cyclically loaded. Figure 4.2 is a diagram of the lateral
load-corrected lateral displacement (B-~) response with observed events marked at the
peak of the cycle in which they occurred. Cycles up to and including 0.70~y were load
controlled based on a pre-established specimen lateral capacity Bu,predicted of 82.4 kips.
After two cycles of O.70~y, the specimen yield displacement ~y was determined by
dividing Bu,predicted by the calculated stiffness based on the first north and south 0.70~y
displacements. All cycles from ~y and beyond were displacement controlled based on
this calculated value of 0.420 inches (corrected).
Concrete cracking was heard through out the first north 0.50~y cycle. The strain
gages at 3 inches above the base confirmed that the concrete cracking strain was reached.
Cracking continued to be audible through all cycles of 0.50~y. Concrete cmshing
became audible at 2~y although the strain gages indicated that the cong-ete cylinder
cmshing strain had been reached during the ~y cycles.
Strain gage data indicated that the steel tube south flange yielded in tension
during the first north cycle of ~y. The north flange subsequently yielded in tension during
the south cycle. the south and north flanges first yielded in compression during the first
south cycle of ~Y'
Local buckling of the steel tube north flange was first indicated by the strain
gages and observed visually during the first north cycle of 1.5~y. Figure 4.3 shows the
north flange buckle. Local buckling occurred shortly after the steel tube yielded. The
height of the apex in the buckle was 2.5 inches above the test base. The south flange was
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actually observed buckling during the south displacement of the same cycle with a apex
height of 2.75 inches. The local buckles flattened out when the specimen was at zero
displacement. The peak load of Hmax = 88.5 kips occurred during the first north cycle of
1.5L\y. Beyond this point, the strength of the specimen began to degrade. Additionally,
pinching in the H-L\ was noticed during this displacement level around +/- 40 kips and
continued to be evident throughout the test.
Figure 4.4 shows a plot of north flange strains at 3 inches above the test specimen
base. Figure 4.5 provides a close up of the region up to and including L\y. Flange
buckling in the steel tube is indicated when the gage at the centerline severely deviates
from the two gages 1.5 inches from the comers. The strains, Ey, Eel, and Eee, which are the
steel yield strain, concrete tension cracking strain, and concrete cylinder crushing strain,
respectively, are labeled in the figures. These plots were used to determine onset of local
buckling in the steel tube. All specimens were treated similarly.
Web buckling of the steel tube was first observed during the first south cycle of
3L\y, Strain gage data verified this fact. Apex heights of the web buckles were 1.5 and 2
inches above the base for the east and west web, respectively. By the end of 3L\y the
north and south flange buckle heights were 0.75 and 0.875 inches, respectively. At this
point, flange buckles were not flattening out when this specimen was at zero
displacement. In addition, the peak load was 91.5% of Hmax (81.0 kips).
Attenuation of the buckles around the tube comers were observed during the first
north cycle of 5L\y when the northwest comer began to deform. At this point, the peak
load was 87.7% of H.llax (77.6 kips). A severe drop in stiffness was noted after the first
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cycle of 5~y. The peak load during 711y was 80.6% ofHmax (71.3 kips). Figure 4.6 shows
the specimen in its north displaced position at 711y. During 711y, cracks in the steel tube
were observed at the northeast and northwest comers as shown in Figure 4.7.
During the 811y level, the cracking appeared on all comers of the steel tube above
and below the apexes of the comer buckles. One of the lines at each comer became
larger and developed through the thickness of the tube exposing the concrete. The
experiment was concluded after the fourth complete 811y cycle because through thickness
cracks of considerable size were observed to have caused fracture at all four comers and
the fourth cycle had a peak load of 47.8% of Hnax (42.3 kips). Figure 4.8 shows the
southwest comer at the end of the test indicating the web buckle, comer buckle, and
fracture of the steel tube. Figure 4.9 shows a close-up of the northeast comer fracture.
The axial load was then removed and the data retrieved and backed up.
Following the removal of the specimen, final buckle shapes were recorded. The
amplitudes of the buckles were 1.25, 1.25, 0.5, and 0.75 inches for the north, south, east,
and west faces, respectively. The heights above the test base were 2 inches for all faces.
After measurement, the northwest comer of the steel tube from the end of the tube up to 2
feet above the test base was removed, as shown in Figure 4.1O(a). Next, the northeast
comer and the crushed and cracked concrete were removed as shown in Figure 4.1 O(b).
It can be seen that most of the concrete damage OCCUlTed within the lower 9 inches
(indicated with lines in the figure) of the specimen, with little damage occurring below
the specimen test base. The section of maximum concrete damage was located at
approximately 5 inches above the specimen test base.
100
4.2.2 Specimen CBC-48-46-20
Specimen CBC-48-46-20 had a nominal bit ratio of 48 and a nominal yield stress,
Fy, of 46 ksi. A constant axial load of 510 kips was applied to specimen thoughout the
experiment. During the application of the axial load it was paused at 125 and 250 kips to
check alignment with the aid of strain gages at a section 3 inches above the test base.
Upon full application of the axial load, the strain gages at the same section were checked
again and alignment was found to be satisfactory. Figure 4.11 shows CBC-48-46-20
after the axial load had been applied.
The specimen was then cyclically loaded. Figure 4.12 is a diagram of the lateral
load-corrected lateral displacement (H-il) response with observed events marked at the
peak of the cycle in which they occurred. Cycles up to and including 0.70ily were load
controlled based on a pre-established Hu,predicted of 90.9 kips. After two cycles of 0.70t::..y,
the specimen yield displacement was determined by dividing Hu,predicted by the calculated
stiffness based on the first north and south 0.70t::..y displacements. All cycles from t::..y and
beyond were displacement controlled based on this calculated value of 0.408 inches
(corrected).
Concrete cracking was heard through out the first north 0.50t::..y cycle. The strain
gages 3 inches above the base confirmed that the concrete cracking strain was reached.
Cracking continued to be audible through all cycles of 0.50t::..y. Concrete crushing
became audible at 1.5t::..y although the strain gages indicated that the concrete cylinder
crushing strain had been reached during the t::..y cycles.
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Strain gage data indicated that the north flange yielded in tension during the first
south cycle of 6.y. The south flange yielded in tension during the first north cycle of
1.56.y• The north flange first yielded in compression during the first north cycle of 6.y•
The south flange yielded in compression during the first south cycle of 6.y•
Local buckling of the steel tube north flange was first indicated by the strain
gages and observed visually during the first north cycle of 1.56.y. Figure 4.13 shows the
north flange buckle. The height of the apex of the local buckle was at 4.5 inches above
the test base. The south flange was observed buckling during the south displacement of
the same cycle with an apex height of 7.0 inches. Buckles flattened out when the
specimen was at zero displacement. The peak load of Hmax = 92.3 kips occurred during
the first north cycle of 1.56.y. Beyond this point, the strength of the specimen began to
degrade.
Web buckling was first observed during the second north cycle of 26.y. Strain
gage data corroborates this fact. Apex heights of the web buckles were 4.5 inches above
'the base for the east and west webs. At this point, flange buckles were not flattening out
when this specimen was at zero displacement. In addition, the peak load was 95.7% of
Hmax (88.3 kips).
Attenuation of the buckles around the tube comers where observed during the first
north cycle of 3L1y. At this point, the peak load was 90.1 % of Hmax (83.2 kips). A severe
drop in stiffness was noted after the first cycle of 36.y. Figure 4.14 shows the specimen in
its north displaced shape at 3L1y. The peak load during 56.y was 77.1 % of Hmax (71.2
kips). During the first cycle of 56.y cycle the web buckles became more pronollilced.
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Stiffness and strength had greatly diminished by the second cycle of 5L1y with a peak load
of 57.6% of Hmax (53.2 kips). Figure 4.15 shows a close-up of the southwest comer at 5L1y
indicating comer and web buckling. The experiment was concluded after the first
complete 5L1y cycle because the peak load was below 50% of Hmax at 49.8% (42.0 kips).
The axial load was then removed and the data retrieved and backed up.
Following the removal of the specimen, final buckle shapes were measured. The
amplitudes of the local buckles were 1.5, 1.25,0.75, and 0.75 inches for the north, south,
east, and west faces, respectively. The heights above the test base were 4.0, 4.5, 2.5, and
2.5 inches for the north, south, east, and west faces, respectively. After measurement, the
northeast comer of the steel tube from the end of the tube up to 2 feet above the test base
was removed as shown in Figure 4.16(a). Next, the northwest corner and the crushed and
cracked concrete were removed as shown in Figure 4.16(b). It can be seen that most of
the concrete damage occurred within the lower 21 inches of the specimen with little
damage occurring below the specimen test base. The section of maximum concrete
damage was located at approximately 9 inches above the specimen test base.
4.2.3 Specimen CBC-32-46-10
Specimen CBC-32-46-1 0 had a nominal bit ratio of 32 and a nominal yield stress,
Fy , of 46 ksi. A constant axial load of 282.5 kips was applied to specimen thoughout the
experiment. Upon full application of the axial load, the strain gages at a section 3 inches
above the test base were checked and alignment was found to be satisfactory. Figure
4.17 shows CBC-32-46-10 after the axial load had been applied.
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The specimen was then cyclically loaded. Figure 4.18 is a diagram of the lateral
load-corrected lateral displacement (H-L1) response with observed events marked at the
peak of the cycle in which they occurred. Cycles up to and including 0.70L1y were load
controlled based on a pre-established HlI,predicted of 81.3 kips. After two cycles of 0.70L1y,
the specimen yield displacement was determined by dividing HlI,predicted by the calculated
stiffness based on the first north and south 0.70L1y displacements. All cycles from L1y and
beyond were displacement controlled based on this calculated value of 0.319 inches
(corrected).
Concrete cracking was heard throughout the first north cycle of 0.50L1y• The
strain gages 3 inches above the base confirmed that the concrete cracking strain was
reached. Cracking continued to audible through all cycles of 0.50L1y. Concrete crushing
became audible at 1.5L1y and the strain gages indicated that the concrete cylinder crushing
strain had been reached during the 1.5L1y cycles.
Strain gage data indicated that the north flange first yielded in compression during
the first north cycle of L1y• The south flange yielded in compression during the following
south cycle. The south flange yielded in tension during the first north cycle of 1.5Lly. The
north flange subsequently yielded in tension during the south cycle.
Local buckling of the steel tube north flange was first indicated by the strain
gages the first north cycle of 3Lly. Slight buckling was physically observed during the
2L1y• Figure 4.19 shows the north flange buckle at 3Lly. The height of the apex was 3
inches above the test base. Strain gage data indicates that the flange was in compression
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above the yield strain when buckling initiated. The buckles flattened out when the
specimen was at zero displacement. The peak load of Hmax = 95.4 kips occurred during
the first north cycle of 3~y. Beyond this point, the strength of the specimen began to
degrade. In addition, pinching in the H-~ was noticed during this displacement level
around +/- 50 kips and continued to be evident thoughout the test.
Web buckling was first observed during the first south cycle of7~y. Apex heights
of the web buckles were 1 inch above the base. At this point, the peak load was 95.5% of
Hmax (91.1 kips). By the end of 7~y the north and south flange buckle heights were 2.5
inches above the test base.
During the first south cycle of 8~y, the rotation measuring device at the base
began to malfunction. Consequently, the proper displacement was not achieved during
the half cycle. Upon, returning to zero displacement and realizing the faulty rotation
reading, the half cycle was repeated using the correct amplitude. Attenuation of the
buckles around the tube comers were observed during the second north cycle of 8~y
when the north comers began to deform. At this point, the peak load was 72.3% of Hmax
(68.9 kips). Each subsequent cycle produced a reduced peak load and stiffness. The post
yield stiffness was near zero by the end of 8~y. The peak load during 8~y was 86.0% of
Hmax (82.1 kips). Figure 4.20 shows the southeast comer at 8~y indicating the web buckle.
Five complete cycles of 8~ywere completed. Since the peak load was still quite high it
was decided to impose a series of cycles of lateral displacement of amplitude 10L1y.
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During 10.6.y, cracks appeared on all corners above and below the apexes of the
corner buckles. Figure 4.21 shows the specimen in its displaced configuration at lO.6.y•
The experiment was concluded after the first complete 10.6.y cycle because the specimen
had a peak load of 66.6% ofHmax (63.6 kips) and the specimen was beginning to displace
out-of-the-plane of lateral loading. Furthermore, the tube had fractured at the northeast
corner. Figure 4.22 shows a close-up of the northeast corner fracture. The axial load was
then removed and the data retrieved and backed up.
Following the removal of the specimen, final buckle shapes were measured. The
amplitudes of the buckles were 1.5, 1.5, 1.25, and 1.25 inches for the north, south, east,
and west faces, respectively. The heights above the test base were 2 inches for all faces
except the west face with a height of 2.5 inches. After measurement, the northwest
corner of the steel tube from the end of the tube up to 2 feet above the test base was
removed as shown in Figure 4.23(a). Next, the northeast corner and the crushed and
cracked concrete were removed as shown in Figure 4.23(b). It can be seen that most of
the concrete damage occurred within the lower 12 inches of the specimen with some
damage occurring below the specimen test base. The section of maximum concrete
damage was located at approximately 5 inches above the specimen test base.
4.2.4 Specimen CBC-32-46-20
Specimen CBC-32-46-20 had a nominal bit ratio of 32 and a nominal yield stress,
Fy, of 46 ksi. A constant axial load of 565 kips was applied to specimen though out the
experiment. During the application of the axial load it was paused at 250 kips to check
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alignment with the aid of strain gages at a section 3 inches above the test base. Upon full
application of the axial load, the strain gages at the same section were checked again and
alignment was found to be satisfactory. Figure 4.24 shows CBC-32-46-20 before the
axial load had been applied.
The specimen was then cyclically loaded. Figure 4.25 is a diagram of the lateral
load-corrected lateral displacement (H-.6.) response with observed events marked at the
peak of the cycle in which they occurred. Cycles up to and including 0.70.6.y were load
controlled based on a pre-established Hu,predicted of 92.0 kips. After two cycles of 0.70.6.y,
the specimen yield displacement was determined by dividing Hu,predicted by the calculated
stiffness based on the first north and south 0.70.6.y displacements. All cycles from .6.y and
beyond were displacement controlled based on this calculated value of 0.390 inches
(corrected).
Concrete cracking was heard throughout the first north 0.50.6.y cycle. The strain
gages 3 inches above the base confirmed that the concrete cracking strain was reached.
Cracking continued to be audible through all cycles of 0.50.6.y. Concrete crushing
became audible at 2.6.y and the strain gages indicated that the concrete cylinder crushing
strain had been reached during the 2.6.y cycles.
Strain gage data indicated that the north flange first yielded in compression during
the second north cycle of .6.y. The south flange yielded in compression during the
following south cycle. The south flange yielded in tension during the first north cycle of
1.5.6.y. The north flange subsequently yielded in tension during the south cycle.
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Local buckling of the north flange was first indicated by the strain gages the third
south cycle of2.6.y• Buckling was physically observed during the 2.6.y• Figure 4.26 shows
the north flange buckle at 3.6.y. The height of the apex was 3 inches above the test base.
The buckle occurred while laterally displacing the specimen in the north direction. Strain
gage data indicates that the flange was in compression at the yield strain when buckling
initiated. Buckles flattened out when the specimen was at zero displacement. The peak .
load of Hmax = 105.8 kips occurred during the first north cycle of 2.6.y. Beyond this point,
the strength of the specimen began to degrade.
Web buckling was first observed during the first north cycle of 5.6.y. Apex heights
of the web buckles were 3 and 4.5 inches above the base for the west and east faces,
respectively. At this point, the peak load was 88.0% of Hmax (93 .1 kips).
Attenuation of the buckles around the tube corners where observed during the
second north cycle of 7.6.y when the north corners began to deform. At this point, the
peak load was 64.7% ofHmax (68.5 kips). There was little loss in strength and stiffness for
the second cycle of 7.6.y• In fact, as the specimen was taken to 8.6.y it began to exhibit
strain hardening, having an increase in stiffness and strength. The peak load during 8.6.y
was 65.8% ofHmax (69.6 kips). After two complete cycles at 8.6.y, it was decided to go to
10.6.y because of the strain hardening phenomena. One complete cycle of 10.6.y was
completed. Due to a large amount of shortening in the specimen and the large
displacement, continuing the test at 10.6.y was deemed unsafe so the specimen was cycled
at 8.6.y until failure.
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After one cycle of 8L\y the northwest corner fractured, exposing the concrete. The
experiment was concluded. Figure 4.27 shows the northwest corner indicating web
buckling, corner buckling, and fracture. Figure 4.28 shows a close-up of the northwest
corner fracture. The axial load was then removed and the data retrieved and backed up.
Following the removal of the specimen, final buckle shapes were measured. The
amplitudes of the buckles were 2.5, 2.5, 1.75, and 1.25 inches for the north, south, east,
and west faces, respectively. The heights above the test base were 3.0, 3.0, 4.5, and 2.5
inches for the north, south, east, and west faces, respectively. After measurement, the
northwest corner of the steel tube from the end of the tube up to 2 feet above the test base
was removed, as shown in Figure 4.29(a). Next, the northeast corner and the crushed and
cracked concrete were removed as shown in Figure 4.29(b). It can be seen that most of
the concrete damage occurred within the lower 18 inches of the specimen with little
damage occurring below the specimen test base. The section of maximum concrete
damage was located at approximately 8 inches above the specimen test base.
4.2.5 Specimen CBC-48-80-10
Specimen CBC-48-80-10 had a nominal bit ratio of 48 and a nominal yield stress,
Fy, of 80 ksi. A constant axial load of 305 kips was applied to specimen thoughout the
experiment. During the application of the axial load it was paused at 150 kips to check
alignment with the aid of strain gages at a section 3 inches above the test base. Upon full
application of the axial load, the strain gages at the ~lrme section were checked again and
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oalignment was found to be satisfactory. Figure 4.30 shows CBC-48-80-10 during the
second south cycle of 0.25.1y•
The specimen was then cyclically loaded. Figure 4.31 is a diagram of the lateral
load-corrected lateral displacement (H-.1) response with observed events marked at the
peale of the cycle in which they occurred. Cycles up to and including 0.70.1y were load
controlled based on a pre-established Hu,predicted of 103.5 kips. After two cycles of 0.70.1y,
the specimen yield displacement was determined by dividing Hu,predicted by the calculated
stiffness based on the first north and south 0.70.1y displacements. All cycles from .1y and
beyond were displacement controlled based on this calculated value of 0.550 inches
(corrected).
Concrete cracking was heard throughout the first north 0.50.1y cycle. The strain
gages 3 inches above the base confirmed that the concrete cracking strain was reached.
Cracking continued to audible through all cycles of 0.50.1y. Concrete crushing became
audible at 1.5.1y when the strain gages indicated that the concrete cylinder crushing strain
had been reached.
Strain gage data indicates that the north flange yielded in compression during the
first north cycle of .1y. The south flange subsequently yielded in compression during the
south cycle. The south flange first yielded in tension during the first north cycle of 1.5.1y•
The north flange yielded in tension during the first south cycle of 1.5.1y•
Local buckling of the north flange was first indicated by the strain gages and
observed visually during the second north cycle of 1.5.1y• Figure 4.32 shows the north
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flange buckle. The height of the apex was 3 inches above the test base. The buckle
occurred while the specimen was going to the peak north displacement one cycle after
steel yielding had occurred. The south flange had an apex height of 3 inches. Buckles
flattened out when the specimen was at zero displacement. The peak load of Hmax =
111.8 kips occurred during the first north cycle of 2.0b.y• Beyond this point, the strength
of the specimen began to degrade.
Web buckling was first observed during the second north cycle of 3b.y at the north
half of the west web, At this point, flange buckles were not flattening out when the
specimen was at zero displacement. The peak load for 3b.y was 98.9% of Hmax (110.6
kips).
Attenuation of the buckles around the tube comers were observed during the first
south cycle of 5b.y when the southwest corner began to deform. At this point, the peak
load was 92.1 % of Hmax (103.0 kips). A severe drop in stiffness was noted after the first
cycle of 5b.y• During 5b.y, cracks were observed at the northeast comer during the second
south cycle above and below the apex of the corner buckle.
Nearing the peak displacement during the first 7b.y north cycle, a fault was
accidentally tripped and axial load was lost. For safety, the specimen was returned to
zero displacement, reloaded axially, and then displaced to the displacement level. Since
the lateral load for this second cycle was below the previous one, the peak was taken as
the peak load from the last cycle and the current displacement for ductility and envelope
calculations. Figure 4.31 shows this assumption with dashed lines. The peak load during
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7!:..y was 78.2% of Hmax (87.4 kips). Figure 4.33 shows the speCImen III its south
displaced shape at 7!:"y.
During 7!:"y, cracking was observed at all corners as shown in Figure 4.34. While
executing the second half of the 7!:..y cycle, the cracks on the southwest and southeast
corners became large and abruptly opened. During this cycle the peak load was 47.9% of
Hnax (53.6 kips). The test was concluded at this point. Figure 4.35 shows the southwest
corner at the end of the test indicating the web buckle, corner buckle, and cracking.
Figure 4.36 shows a close-up of the southeast corner fracture with crushed concrete
exiting the hole. The axial load was then removed and the data retrieved and backed up.
Following the removal of the specimen, final buckle shapes were measured. The
amplitudes of the buckles were 1.25, 1.25, 1.0, and 0.75 inches for the north, south, east,
and west faces respectively. The heights above the test base were 2 inches for all faces.
After measurement, the northwest corner of the steel tube from the end of the tube up to 2
feet above the test base was removed as shown in Figure 4.37(a). Next, the northeast
corner and the crushed and cracked concrete were removed as shown in Figure 4.37(b).
It can be seen that most of the concrete damage occurred within the lower 12 inches of
the specimen with some damage occurring below the specimen test base. The section of
maximum concrete damage was located at approximately 5 inches above the specimen
test base.
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4.2.6 Specimen CBC-48-80-20
Specimen CBC-48-80-20 had a nominal bit ratio of 48 and a nominal yield stress,
Fy, of 80 ksi. A constant axial load of 610 kips was applied to specimen throughout the
experiment. During the application of the axial load it was paused at 300 kips to check
alignment with the aid of strain gages at a section 3 inches above the test base. Upon full
application of the axial load, the strain gages at the same section were checked again and
alignment was found to be satisfactory. Figure 4.38 shows CBC-48-80-20 after the axial
load had been applied.
The specimen was then cyclically loaded. Figure 4.39 is a diagram of the lateral
load-corrected lateral displacement (H-6.) response with observed events marked at the
peak of the cycle in which they occurred. Cycles up to and including 0.70.6.y were load
controlled based on a pre-established HlI,predicted of 105.7 kips. After two cycles of O. 70.6.y,
the specimen yield displacement was determined by dividing HlI,predictcd by the calculated
stiffness based on the first north and south 0.706y displacements. All cycles from 6.y and
beyond were displacement controlled based on this calculated value of 0.459 inches
(corrected).
Concrete cracking was heard throughout the first north 0.706.y cycle. The strain
gages 3 inches above the base confirmed that the concrete cracking strain was reached.
Cracking continued to be audible through all cycles of 0.76y• Concrete crushing became
audible at l.56.y and the strain gages indicated that the concrete cylinder crushing strain
had been reached. Strain gage data indicates that the north and south flanges yielded in
compression during the second north cycle of 6.y. The north flange first yielded in tension
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during the first south cycle of 28.y• The south flange yielded in tension during the first
north cycle of 28.y•
Local buckling of the north flange was first indicated by the strain gages and
observed visually during the first north cycle of 28.y. The height of the apex was 2.5
inches above the test base. Strain gage data indicates that the flange was in compression
at the yield strain when buckling initiated. The south flange was observed buckling
during the south displacement of the same cycle with the apex at a height of 3.0 inches
above the base of the column. Figure 4.40 shows the south flange buckle. The buckles
flattened out when the specimen was at zero displacement. The peak load of Hm3x =
120.9 kips occurred during the first north cycle of 28.y• Beyond this point, the strength of
the specimen began to degrade.
Web buckling was first observed during the first north cycle of 38.y, Apex heights
of the web buckles were 3.0 inches above the base for the east and west webs. At this
stage of the test, flange buckles were not flattening out when this specimen was at zero
displacement. The peak load was 98.1 % of Hmax (118.6 kips). A significant loss in
strength and stiffness was noted to have occurred in subsequent cycles.
Attenuation of the buckles around the tube corners were observed during the first
north cycle of 58.y. At this point, the peak load was 81.0% of Hm3X (97.9 kips). Stiffness
and strength had greatly diminished by the second cycle of 58.y with a peak load of
57.7% ofHm3X (69.7 kips).
After returning to zero displacement from the first north cycles of 78.y, The
northwest corner fractured abruptly at the corner buckle. Figure 4.41 shows a close-up of
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the northwest corner at 7!1y indicating corner and web buckling. The experiment was
concluded after the first complete 7!1y cycle after the fracture occurred. An increase in
stiffness was noted during the first 7!1y cycle. Figure 4.42 provides a close-up of the
northwest corner fracture. The axial load was then removed and the data retrieved and
backed up.
Following the removal of the specimen, the final buckle shapes were measured.
The amplitudes of the buckles were 1.5, 1.5, 1.55, and 1.25 inches for the north, south,
east, and west faces, respectively. The heights above the test base were 2.5, 2.5, 3.5, and
3 inches for the north, south, east, and west faces, respectively. After measurement, the
northeast corner of the steel tube from the end of the tube up to 2 feet above the test base
was removed as shown in Figure 4.43(a). Next, the northwest corner and the crushed and
cracked concrete were removed as shown in Figure 4.43(b). It can be seen that most of
the concrete damage occurred- within the lower 20 inches of the specimen, with little
damage occurring below the specimen test base. The section of maximum concrete
damage was located at approximately 12 inches above the specimen test base.
4.2.7 Specimen CBC-32-80-10
Specimen CBC-32-80-1 0 had a nominal bit ratio of 32 and a nominal yield stress,
Fy, of 80 ksi. A constant axial load of 342.5 kips was applied to specimen thoughout the
experiment. During the application of the axial load it was paused at 150 kips to check
alignment with the aid of strain gages at a section 3 inches above the test base. Upon full
application of the axial load, the strain gages at the same section were checked again and
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alignment was found to be satisfactory. Figure 4.44 shows CBC-32-80-10 during the
second north cycle of 0.70Lly.
The specimen was then cyclically loaded. Figure 4.45 shows the lateral load-
corrected lateral displacement (H-Ll) response with observed events marked at the peak of
the cycle in which they occurred. Cycles up to and including 0.70Lly were load controlled
based on a pre-established Hu,predicted of 126.8 kips. After two cycles of 0.70Lly, the
specimen yield displacement was determined by dividing Hu,predicted by the calculated
stiffness based on the first north and south 0.70Lly displacements. All cycles from 6 y and
beyond were displacement controlled based on this calculated value of 0.603 inches
(corrected).
Concrete cracking was heard throughout the first north O.SOLly cycle. The strain
gages 3 inches above the base confirmed that the concrete cracking strain was reached.
Cracking continued to be audible through all cycles of 0.50Lly• Concrete crushing
became audible at 2Lly• Strain gages indicated that the concrete cylinder crushing strain
was reached during the first cycle of l.5Lly.
Strain gage data indicated that the steel tube north flange yielded in compression
during the first north cycle of 1.SLly, The south flange subsequently yielded in
compression during the south cycle. The south flange first yielded in tension during the
first north cycle of 1.5Lly• The north flange yielded in tension during the first south cycle
of 1.SLly•
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Local buckling of the north flange was first indicated by the strain gages and
observed visually during the second north cycle of 2/j,y. The height of the apex of the
local buckle was at 3 inches above the test base. The south flange locally buckled in the
second cycle with the steel strain larger than Ey. The apex of the buckle in the south
flange was at 3 inches above the base of the column. Buckles flattened out when the
specimen was at zero displacement. Figure 4.46 shows the south flange buckle. The peak
load of Hmax = 159.8 kips for the specimen occurred during the first north cycle of 3/j,y.
Beyond this point, the strength of the specimen began to degrade.
Web buckling was first observed during the second north cycle of 5/j,y. At this
stage of testing, the flange buckles were not flattening out under load reversal. The peak
load at 5/j,y was 93.2% of Hmax (148.9 kips).
Attenuation of the buckles around the tube corners were observed during the first
south cycle of 711y. Figure 4.47 shows the specimen at 7/j,y in the north displaced shape.
At this point the peak load was 85.0% ofHmax (135.8 kips). A drop in stiffness was noted
after the first cycle of 7/j,y. During 7/j,y cracks were observed in the steel tube, as shown
in Figure 4.48. While completing the second south 7/j,y displacement cycle and returning
to zero displacement the cracks on the southeast corner led to fracture of the tube. The
last south cycle had a peak load of 64.6% of Hnax (103 .3 kips). The test was concluded at
this point. Figure 4.49 shows the southeast corner at the end of the test indicating the
web buckle, corner buckle, and fracture. Figure 4.50 shows a close-up of the southeast
corner. The axial load was then removed and the data retrieved and backed up.
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Following the removal of the specimen, the final buckle shapes were measured.
The amplitudes of the buckles were 1.5, 1.5, 0.75, and 0.75 inches for the north, south,
east, and west faces, respectively. The heights of the buckles were 2.5, 2.5, 1.0, and 1.5
inches for the north, south, east, and west faces, respectively. After measurement, the
northwest corner of the steel tube from the end of the tube up to 2 feet above the test base
was removed as shown in Figure 4.51(a). Next, the northeast corner and the crushed and
cracked concrete were removed as shown in Figure 4.51(b). It can be seen that most of
the concrete damage occurred within the lower 9 inches of the specimen with some
damage occurring below the specimen test base. The section of maximum concrete
damage was located at approximately 7 inches above the specimen test base.
4.2.8 Specimen CBC-32-80-20
Specimen CBC-32-80-20 had a nominal bit ratio of 32 and a nominal yield stress,
Fy, of 80 ksi. A constant axial load of 685 kips was applied to the specimen thoughout
the experiment. During the application of the axial load it was paused at 300 kips to
check alignment with the aid of strain gages at a section 3 inches above the test base.
Upon full application of the axial load, the strain gages at the same section were checked
again and alignment was found to be satisfactory. Figure 4.52 shows CBC-32-80-20
before the axial load had been applied.
The specimen was then cyclically loaded. Figure 4.53 is a diagram of the lateral
load-corrected lateral displacement (H-i1) response with observed events marked at the
peak of the cycle in which they occurred. Cycles up to and including 0.70i1y were load
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controlled based up a pre-established HlI,predicted = 141.0 kips. After two cycles of O.70~y,
the specimen yield displacement was determined by dividing HlI,predicted by the calculated
stiffness based on the first north and south 0.70Liy displacements. All cycles from Liy and
beyond were displacement controlled based on the calculated Liy value of 0.577 inches
(corrected).
Concrete cracking was heard throughout the first north 0.70Liy cycle. The strain
gages 3 inches above the base confirmed that the concrete cracking strain was reached.
Cracking continued to be audible through all cycles of 0.57~y. Concrete crushing
became audible at 1.5~y and the strain gages indicated that the concrete cylinder crushing
strain had been reached at ~y.
Strain gage data indicated that the north flange yielded in compression during the
first north cycle of Liy. The south flange yielded in compression during the first south
cycle of Liy. The north flange first yielded in tension during the first south cycle of 1.5~y.
The south flange yielded in tension during the first north cycle of 1.5Liy•
Local buckling of the north flange was first indicated by the strain gages and
observed visually during the first north cycle of 2Liy• The height of the apex of the buckle
was at 2.25 inches above the test base. The buckle OCCUlTed while going to the peak
displacement. Strain gage data indicates that the flange was in compression above the
yield strain when buckling initiated. The south flange was observed buckling during the
south displacement of the same cycle with the apex at a height of 2.5 inches above the
base. Figure 4.54 shows the south flange buckle. The buckles flattened out when the
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specimen was at zero displacement. The peak load at 26y was 163.9 kips occurring
during the first north cycle of26y.
Web buckling in the steel tube was first observed during the first north cycle of
36y. Apex heights of the web buckles were 3.0 inches above the base for the east and
west webs. At this point the flange buckles in the steel tube were not flattening out when
this specimen was at zero displacement. The peak load of Hnax = 167.7 kips for the test
occurred during the first north cycle of 36y• A significant loss in strength and stiffness
was noted during subsequent cycles.
Attenuation of the buckles around the tube comers was observed during the first
north cycle of 56y. At this point the peak load was 76.3% of Hmax (128 kips). The
stiffness and strength had greatly diminished by the second cycle of 5.6.y with a peak load
of 64.2% ofHmax (107.7 kips). Figure 4.55 shows a close-up of the southeast corner at
58.y indicating corner and web buckling.
The first north cycle of 78.y had a peak load of 67.5% of Hnax (113 .2 kips)
exhibiting some strain hardening. Figure 4.56 show the specimen at 78.y in the north
displaced shape. Nearing the peak displacement of the first south cycle of 76y, the north
flange fractured abruptly at the apex of the flange buckles propagating across the flange.
The experiment was concluded after the first complete 78.y cycle after this fracture
occurred. Figure 4.57 provides a close-up of the north flange fracture. The axial load
was then removed and the data retrieved and backed up.
120
Following the removal of the specimen, the final buckle shapes were measured.
The amplitudes of the buckles were 1.75, 1.75, 1.5, and 1.25 inches for the north, south,
east, and west faces, respectively. The heights above the test base were 3.0, 3.0, 2.0, and
2.5 inches for the north, south, east, and west faces respectively. After measurement, the
nOltheast corner of the steel tube from the end of the tube up to 2 feet above the test base
was removed as shown in Figure 4.58(a). Next, the northwest corner was removed and
the crushed and cracked concrete was removed as shown in Figure 4.58(b). It can be
seen that most of the concrete damage occurred within the lower 14 inches of the
specimen with some damage occurring below the specimen test base. The section of
maximum concrete damage was located at approximately 7 inches above the specimen
test base.
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Figure 4.1 - CBC-48-46-10 After Application of Axial Load
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Figure 4.6 - West Face of CBC-48-46-10 at 7!::"y with Top Deflection of 3.4 Inches
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figure 4.6 - West Face of CBC-48-46-10 at 7i'c.y with Top Deflection of 3.4 Inches
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Figure 4.7 - Southeast Corner of CBC-48-46-10 at 711y, Where Cracking Has Initiated
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Figure 4.11 - CBC-48-46-20 After Application of Axial Load
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Figure 4.14 - West Face of CBC-48-46-20 at 3~y with Top Deflection of 2.0 Inches
135
INTENTIONAL SECOND EXPOSURE
Figure -t. i4 - "lIVest Face of CBC-48-46-20 at 3~y with Top Detlection of 1.0 Inches
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Figure 4.15 - Southwest Corner of CBC-48-46-20 at 5.6.y, Web and Corner Buckling has Occurred
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Figure 4.16 - Dissection of Specimen CBC-48-46-20
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Figure 4.17 - CBC-32-46-1 0 After Application of Axial Load
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Figure 4.17 - CBC-32-'-l-6-1 0 After Appiicarion of Axial Load
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Figure 4.19 - South Face of CBC-32-46-10 at 3.6)' where Local Flange Buckling Occurred
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Figure 4.20 - Southeast Corner of CBC-32-46-1 0 at SL'.y, Corner and Web Buckling have Occurred
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Figure 4.21 - \Vest F:.lce of CBC-32-46-J 0 at lOil;. with Top Detlection of 4.3 Inches
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Figure 4.23 - Dissection of Specimen CBC-32-46-1 0
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Figure 4.24 - CBC-32-46-20 Before Application of Axial Load
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Figure 4.25 - CBC-32-46-20 Lateral Load versus Corrected Top Dellection
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Figure 4.26 - South Face of CBC-32-46-20 at 36.)' where Local Flange Buckling Occurred
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Figure 4.27 - Northwest Corner of CBC-32-46-20 at 8L'l.y , Fracture has Occurred in Addition to Web and Corner Buckling
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Ca) After Removal of Northwest Corner of Steel Tube
(b) After Removal of Crushed and Cracked Concrete
Figure 4.29 - Dissection of Specimen CBC-32-46-20
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Figure 4.30 -. CBC-48-80-10 Second South Cycle of O.25b.y
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INTENTIONAL SECOND EXPOSURE
figure 4.30 - CBC-48-80-1 0 Second 50mh Cycle of O.25~y
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Figure 4.31 - CBC-48-80-10 Lateral Load versus Corrected Top Deflection
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Figure 4.33 - West Face of CBC-48-80-1 0 at 7Dywith Top Deflection of 4.5 Inches
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INTENTIONAL SECOND EXPOSURE
Figure 4.33 - West F~lce of CBC-48-80-1 0 at 72.y with Top Deflection of 4.5 Inches
Figure 4.34 - Southeast Corner of CBC-48-80-10 at 7£..Y. Cracking has Occurred
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Figure 4.35 - Southwest Corner of CBC-48-80-1O at 7[>,y,Cracking has Occurred in Addition to Web and Corner Buckling
Figure 4.36 - Southeast Corner of CBC-48-80-1 0 at End of Test, Fracture has Occurred
Exposing Concrete
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(a) After Removal of Northwest Corner of Steel Tube
(b) After Removal of Crushed o.nd Cracked Concrete
Figure 4.37 - Dissection of Specimen CBC-48-80-10
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Figure 4.38 - CBC-48-80-20 After Application of Axial Load
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INTENTIONAL SECOND EXPOSURE
Figure 4.38 - CBC-48-80-20 After Application ofAxi<ll Load
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Figure 4.39 - CBC-48-80-20 Lateral Load versus Corrected Top Deflection
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Figure 4.40 - South Face of CBC-48-80-20 at 3l1.)' where Local Flange and Web Buckling has Occurred
INTENTIONAL SECOND EXPOSURE
Figure 4.~IO - South Face or CBC-48-80-20 at 31'\)' where Local Flange and Web Buckling has OLuIITcd
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Figure 4.41 - Northwest Corner of CBC-48-80-20 at 76.y, Fracture has Occurred in Addition to Web and Corner Buckling
INTENTIONAL SECOND EXPOSURE
._-.1
f'iglllc ,U I - Northwcst Corncr or CBC-4g-80-20 at 71\)', Fracture has Occurred in Addition to Web aIle! Corner Bud.:ling
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(a) After Removal of Northwest Corner of Steel Tube
(b) After Removal of Crushed and Cracked Concrete
Figure 4.43 - Dissection of Specimen CBC-48-80-20
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Figure 4.44 - CBC-32-80-10 Second North Cycle of 0.70.6.y
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INTENTIONAL SECOND EXPOSURE
Figure -+.44 - CBC-32-80-lD Second North Cycle of 070L>:,
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Figure 4.45 - CBC-32-80-1 0 Lateral Load versus Corrected Top Deflection
-2J
Figure 4.46 - South Face of CBC-32-80-10 at 3.6.y where Local Flange Buckling Occurred
Figure 4.47 - West Face of CBC-32-80-10 at 76.y with Top Deflection of 5.5 Inches
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INTENTIONAL SECOND EXPOSURE
figure -1-..+7 - \Vest f:.lce Of CBC-32-80-1 0 :.It 71:,; with Top Detlection of 5.5 Inches
Figure 4.48 - Southeast Corner of CBC-32-80-1 0 at 7.6.y, Cracking has Occurred
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Figure 4.49 - Southeast Corner of CBC-32-80-1 0 at 7D.y, Fracture Occurred in Addition to Web and Corner Buckling
171
'-'
1)
t)
§
u
Cl)
~
-c
0)
:....
:....
=>
'-'U
o
<1.l
:....
.2
U
oj
rt
o
6
co
I
01
'"U
CD
U
'......
o
~
0.1)
(a) After Removal of Northwest Corner of Steel Tube
(b) After Removal of Crushed and Cracked Concrere
Figure 4.51 - Dissection of Specimen CBC-32-80-10
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Figure 4.52 - CBC-32-80-20 Before Axial Loading
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INTENTIONAL SECOND EXPOSURE
Figure -+.52 - CBC-32-80-20 Before Axial LoadinG
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Figure 4.53 - CBC-32-80-20 Lateral Load versus Corrected Top Deflection
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Figure 4.54 - South Face of CBC-32-80-20 at 36.y where Local Flange Buckling Occurred
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Figure 4.55 - Southwest Corner of CBC-32-80-20 at 56y, Web and Corner Buckling have Occurred
Figure 4.56 - West Face of CBC-32-80-20 at 7D..y with Top Detlection of 4.7 Inches
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INTENTIONAL SECOND EXPOSURE
Figure 4.56 - West Face of CBC-32-S0-20 at 72:,y with Top Detlection of 4.7 Inches
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(a) After Removal of Northwest Corner of Steel Tube
(b) After Removal of Crushed and Cracked Concrete
Figure 4.58 - Dissection of Specimen CBC-32-80-20
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CHAPTERS
ANALYSIS OF EXPERIMENTAL RESULTS
5.1 General
The main purpose of this experimental program was to determine the affects of
cyclic loading, steel yield stress, bit ratio, and axial load level on specimen behavior. To
achieve this, a testing program was conducted with all appropriate parameters considered
and data was collected. This data was then analyzed to provide insights into CFT'
behavior under cyclic loading. Factors explored included strength, ductility and
equivalent plastic hinge length, stiffness, energy dissipation, and axial shortening.
Observations are made through the aid of plots of reduced data and photographs in
developing relationships between parameters and behavior. Table 5.1 provides a
summary of key specimen results.
5.2 Strength
An important factor in member design is its strength. One purpose of the cyclic
beam column experiments was to evaluate the effects of cyclic flexural loading on
maximum specimen capacity. Another purpose was to compare the experimental
strengths for high strength CFT's to the current design provisions for CFTs. The rational
and assumptions behind these design provisions were explained in Chapter 2.
~
The moment for each specimen is summarized in Table 5.1. Figures 5.1 through
5.4 show the maximum experimentally obtained moment, Mexp and axial load, P, for the
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specimens plotted against several design code provision axial load-moment curves. The
provisions considered are AU, ACI, LRFD, and EC-4. The tube strengths of monotonic
tests performed by Hull [1998] are included in these plots. Conclusions drawn from the
results plotted in Figures 5.1 through 5.4 include:
(1) As axial load in relation to capacity, PlPo, increased, the experimental
moment capacity increased for the cyclically loaded beam columns,
indicating that the applied axial load ratio PIP° of 0.10 and 0.20 were below
the balance point.
(2) The moment capacity of cyclic test specimens with a PIP° ratio of 0.20
closely match the moment capacity of the monotonic test specimens with the
exception of Specimen CBC-48-46-20, which had a lower capacity than the
monotonic test specimen. This shows that cyclic loading produces no
significant reduction in the strength of a high strength CFT.
In order to determine the adequacy of the design provisions, the predicted
capacity, M eode, at specified axial loads corresponding to the test specimens were
determined. Figure 5.5 is a bar chart of the ratio of predicted moment to experimental
moment for all provisions. The ratio of capacity of the monotonic and cyclic test
specimen moments are given in Figure 5.6. Table 5.2 shows the computed value for the
Meode/Mexp ratios, their mean, and variance. The following observations were made:
(1) As stated before, the monotonic and cyclic tests were in good agreement.
The monotonic moment to cyclic moment capacity ratio, Mmono/Mexp, had a
mean and variance was 1.01 and 0.003, respectively.
lSI
(2) The LRFD design provisions were always conservative In predicting
specimen moment capacity having a mean and variance for McodelMexp equal
to 0.69 and 0.015, respectively. The provision provided the worst prediction
for M exp , but was the only one to consistently predict a conservative moment
capacity. The moment capacity was more accurately predicted for
specimens with a lower axial load (i.e., PlPo =0.10) than with a higher axial
load (i.e., PIP0 =0.20).
(3) The EC-4 design provisions were unconservative for specimens with a bIt
ratio of 48, where the mean for McodelMexp is 1.12. The provision was
conservative for specimens with a bIt ratio of 32, where the mean for
McodJMexp is 0.90. Overall, the mean and variance for Mcode/Mexp was 1.01
and 0.015, respectively.
(4) The ACI design provisions were unconservative for specimens with a bIt
ratio of 48, except for CBC-48-80-20, with the mean for Mcode/Mexp equal to
1.09. The provision was conservative for specimens with a bIt ratio of 32,
with Mcode/Mexp having a mean of 0.86. The overall mean and variance for
Mcode/Mexp was 0.96 and 0.013, respectively.
(5) The AU provisions were unconservative for specimens with a bIt ratio of 48,
where Mcode/Mexp had a mean of 1.10. The provision was conservative for
specimens with a bit ratio of 32, where Mcode/Mexp had a mean of 0.88.
Overall, the mean and variance for Mcode/Mexp was 0.99 and 0.015,
respectively.
182
(6) A general trend can be established that all design provisions conservatively
predicted the strengths of the CFfs with a bit ratio of 32. The EC-4 and AD
provisions provide the overall most accurate prediction of the flexural
strength of the test specimens.
5.3 Ductility
5.3.1 Curvature and Ductility
Another important factor in member design is the ductility, especially the rotation
capacity for earthquake loading. To explore the effects of steel yield stress, bit ratio, and
axial load level on member ductility, the load-displacement and moment-curvature
ductilities were computed and evaluated. Figures 5.7 through 5.14 are the moment-
curvature envelopes for all eight specimens. Each point on the envelope corresponds to
the peak displacement of the first cycle for each displacement level.
The curvature, ~, was computed as the change in rotation over the segment height
of the specimen:
68
<p=-
h
(5.1)
where 68 and h are the difference in rotation in the reading of the inclinometers at the
ends of the segment and the height of the segment, respectively. The curvature was
computed at the base of the column, using the differential of rotation meter readings at
the base and at 12 inches above the base. The curvature was computed over this length
since most of the inelastic deformation and concrete damage occurred in this 12-inch
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long segment. The moment was computed at 6 inches above the test base, the average of
the 12-inch segment at the base. Since the axial load clevises are located at the base, no
p-~ moment was induced.
The curvature ductility, fl<jh was defined as the ratio of the ultimate curvature, ~u,
to the yield curvature, ~Y' i.e.:
CPu
!! =-
<p cP
Y
(5.2)
The yield curvature was defined as the point were the secant stiffness, Ksec, taken though
60% of the maximum moment, Mexp, intersected the maximum moment. The maximum
moment is considered to be the average of the north and south maximum moments. The
ultimate curvature, ~u, is considered to be the point were the envelope falls below
0.90Mexp during the post peak response. Separate curvature ductilities were determined
for the north and south directions (positive and negative moment, respectively). The
overall specimen ductility was considered as the average of these two.
As noted in Figures 5.7 through 5.14 and Table 5.1, the curvature ductilities were
9.5, 5.0, 5.2, 4.2, 9.6, 5.0, 5.9, and 4.8 for Specimens CBC-32-46-1O, CBC-32-46-20,
CBC-32-80-1O, CBC-32-80-20, CBC-48-46-10, CBC-48-46-20, CBC-48-80-1O, and
CBC-48-80-20, respectively. It can be seen from Figures 5.7 through 5.14 that the south
cycle always had a lower capacity and ductility than the north side. This is because each
specimen was initially displaced in the north direction at each new displacement cycle,
consequently damage occurred before the first south displacement was imposed. A
comparison of the moment-curvature envelope plots are given in Figures 5.15 and 5.16
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for the specimens with a bit ratio of 48 and 32, respectively. Based on these results and
comparisons, the following observations can be made:
(1) Specimens with an axial load PIP0 of 0.20 have a higher Mexp than specimens
with the same nominal steel tube yield stress and bit ratio with PIP0 equal to
0.10. However, these specimens with a bit ratio of 48 and 32 have their
capacity drop below the corresponding specimens with smaller axial load at a
curvature ductility of 7 to 8 and 3 to 5, respectively.
(2) Specimens with a P/Po of 0.20 quickly lose moment capacity after achieving
their maximum moment, Mexp.
(3) Specimens with a P/Po of 0.10 exhibit a moment plateau after reaching the
maximum moment Mexp.
(4) The post-peak negative slope for specImens of equal bit and P/Po are
approximately the same.
(5) Specimens with a nominal steel yield stress of 46 ksi have a larger curvature
ductility than those of 80 ksi.
Figures 5.17 through 5.20 compare the moment-curvature responses for
Specimens CBC-48-46-20, CBC-32-46-20, CBC-48-80-20, and CBC-32-80-20,
respectively with monotonic results for corresponding specimens in Hull's [1998]
experiments. These figures indicate that the section initial flexural stiffness is not
affected by cyclic loading. In addition, it further shows that Mexp for monotonic and
cyclic loading is approximately the same. Another observation is that cyclically loaded
specimens more rapidly lose their strength after their peak moment is reached in
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comparison with monotonic tests. Hull's experiments had different hinge locations and
lengths than those of the cyclic experiments.
Figure 5.21 plots the curvature ductility for each specimen versus P/Po for the
cyclic beam column experiments. By visual inspection of Figure 5.21 the following
observations can be made:
(1) With an increase of PlPo from 0.10 to 0.20 a significant drop in curvature
ductility occurs.
(2) Specimens with a steel tube nominal yield stress of 46 ksi have a greater
reduction in curvature ductility than those with 80 ksi.
(3) As the PIP0 is increased the curvature ductility for all specimens converge
towards a common ductility.
(4) It appears that the effect of the bit ratio on curvature ductility is more
pronounced for tubes with a nominal yield stress of 80 ksi compared to
specimens with a nominal yield stress of 46 ksi.
A comparison of the curvature ductility for the cyclic beam columns with the
monotonic beam column tests performed by Hull is plotted in Figure 5.22 as a function of
the axial load level, PIPo' Inspection of this figure reveals the following observations:
(1) When comparing monotonic with cyclically loaded specimens there is a
significant reduction in curvature ductility for tubes with a bit ratio of 32
when subjected to cyclic loading, where specimens with a bit ratio of 48 have
a slight drop in ductility.
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(2) The steel yield stress has no bearing on curvature ductility in the monotonic
tests.
(3) Both experimental programs show that an Increase In PIP0 produces a
reduction in curvature ductility.
To determine why steel yield stress has a greater effect on curvature ductility in
cyclic tests and not monotonic tests, the cause for loss of moment below O.90Mexp, was
examined. Figures 5.23 through 5.26 show the lateral-load deflection envelopes for each
specimen with critical events labeled. The lateral-load deflection envelope is similar to
the moment-curvature envelope since the moment is directly proportional to the lateral
load and all points lying above O.90Hmax lay above O.90Mexp•
From these figures, it can be seen that web buckling is the last major event before
the moment drops below O.90Mexp• Observation given in Chapter 4 during the
experiments indicated that web buckling led to significant reduction in stiffness and
strength. Figure 5.27 is a typical moment-curvature plot from the monotonic tests by
Hull [1998] with key events labeled. It should be noted that web buckling occurred after
the moment has dropped below O.90Mexp• This was true for all of the monotonically
loaded specimens test by Hull, indicating that web buckling was not a contributing factor
to curvature ductility.
To further explore this relation between web buckling and curvature ductility, the
slenderness ratio of the web, Aweb, at web buckling was determined. At the peak
displacement at which web buckling occurred, the depth of the neutral axis was computed
based upon the measured curvature and force equilibrium. Figure 5.28 is a schematic of
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a cross section at the onset of web buckling with terms labeled. The portion of the web in
compression is the web length, dNA. With t equal to the tube thickness, the web
slenderness ratio was defined as:
dNAA =--
web t
(5.3)
The web length in compression, dNA, is plotted as a function of curvature ductility
in Figure 5.29. There is a clear correlation in Figure 5.29 between dNA and curvature
ductility. An increase dNA at the onset of web buckling indicates a decrease in curvature
ductility. This relationship is shown to affected by the level of axial load. To explore the
relationship of web slenderness ratio, AWeb, to curvature ductility, the steel yield stress
divided by AWeb was plotted in Figure 5.30. From this plot the following observations can
be made:
(l) An increase in Fy/Aweb produces a reduction in curvature ductility.
(2) The extent of this effect is dependent on axial load (i.e., PlPo) with greater
levels of axial load magnifying this effect.
(3) For a given axial load and equivalent steel yield stresses, an increase in the
tube thickness (i.e., reduction in bit ratio) results in a larger ratio for FylAweb'
and hence a lower curvature ductility.
(4) For a given axial load and equivalent bit ratios a higher steel yield stress
results in a lower curvature ductility.
(5) The CBC-48-46 and CBC-32-46 series tubes in Figure 5.30 have the same
curvature ductility because they have approximately the same web
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slenderness ratios at web buckling. The actual steel yields stresses of 37.2
ksi and 68.5 ksi for CBC-48-46 and CBC-32-46, respectively, mask the
affect of bIt ratio on ductility.
It is proposed that web buckling plays a crucial role in curvature ductility for the
cyclic beam columns because of concrete strength and stiffness degradation due to cyclic
loading. In the monotonic experiments by Hull, the specimens were continually loaded
in one direction. In the cyclic experiments, direction and load was repeatedly alternated.
It has been shown that concrete subjected to cyclic loading experiences a reduction in
stiffness [Mander et. aI., 1988]. This reduction in concrete cyclic stiffness and strength
imposes a greater demand on the tube's web to carry the load. Tubes with a higher yield
stress and tube thickness have a higher PIPQ in relation to steel area alone, because it is
based upon total capacity with concrete capacity being virtually the same for all
specimens. When the concrete fails, these tubes have a large percentage of load to bear
in comparison with those of lower yield stress and larger bit ratios.
Figure 5.31 displays the displacement ductilities as a function of PIPQ.
Displacement ductility was computed in a similar manner as curvature ductility
exchanging lateral load for moment and specimen top displacement for curvature. As
summarized in Table 5.1, the specimens had displacement ductilities of 5.4, 3.4, 3.9, 3.2,
5.0,3.3,4.0, and 3.0for specimens CBC-32-46-1O, CBC-32-46-20, CBC-32-80-1O, CBC-
32-80-20, CBC-48-46-1O, CBC-48-46-20, CBC-48-80-1O, and CBC-48-80-20,
respectively. Figure 5.31 indicates the same general trends. An increase in steel yield
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stress is related to a decrease in displacement ductility. There does not appear to be any
clear correlation between bit ratios and displacement ductilities.
5.3.2 Plastic Hinge Length
The length of the curvature distribution of each specimen over its height was
explained at different ductility levels to evaluate the plastic hinge region. Figures 5.32
through 5.39 show the segment curvat.ures at different heights at varying displacement
ductility levels. The curvatures were computed using the rotation meters placed along the
height of the specimen (see Figure 3.21 and Equation (5.1)). Figures 5.32 through 5.39
indicate an increase of curvature over the base of each specimen where the maximum
moment developed. In these figures the plastic curvature, ~P' is defined as the average
curvature of the lower 12 inches of the specimen when the peaLmoment occurred. By
inspecting the plots and using ~p as an indicator, the specimens with a PIP0 ratio of 0.10
had smaller plastic hinges, with most of the rotation occurring in the lower 9 inches.
Specimens with a P/Po ratio of 0.20 appear to have had a longer plastic hinge region, with
most of the rotation occurring in the lower 12 to 14 inches.
Figures 5.40 through 5.43 show the specimens with part of the steel tubes
removed in the lower 24 inches of the testing region (i.e., near the test base of the
column). They are included to physically show the difference in hinge length between
specimens with a P/Po ratio of 0.10 and 0.20. Noticing the grid drawn on the steel tube's
outside surface is still intact, the top of the grid in reference to the base of specimen (refer
to Chapter 4) is 12 inches above the test specimen base. It can be seen that most of the
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concrete damage for specimens with a PIP0 ratio of 0.10 is below 12 inches and those
with PlPo of 0.20 above 12 inches.
In member design it is necessary to know the member displacement ductility
capacity. This can be calculated based upon an assumed plastic hinge length and known
curvature ductility capacity. Figure 5.44 shows an idealized curvature distribution, ~(x),
for a fixed cantilever under lateral loading, H. It can be seen that there exists a
concentration of curvature and therefore rotation in the lower portion of the specimen,
termed the plastic hinge with length Lp. Integrating the curvature over the of the member
produces the follow relationship between displacement ductility, llLi, and curvature
ductility, ll$ [Park and Pauley, 1980]:
t:. [cp )3L (L- O.5L J
- u- 1+ u 1 P P)l -- --
t:. t:. cp L2
Y Y
(5.4)
where t:.u, t:.y, ~u, ~y, and L are the ultimate displacement, the yield displacement, the
ultimate curvature, the yield curvature, and the length of the member.
This equation was used to relate the curvature ductility based on an assumed
plastic hinge length, Lp, to a known displacement ductility. Using the experimental data
for ~y and ~u, the predicted displacement ductilities, llLi,calc, were computed for an
assumed Lp of 6, 12, and 18 inches. These computed values of displacement ductility
were plotted against the experimentally determined displacement ductilities, JlLi, in
Figures 5.45 through 5.48. Each figure corresponds to specimens of the same steel yield
stress and bit ratio.
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An exact match would lay on the dashed line with a 45 degree slope and running
through the origin. A linear regression was performed on each data set, placing the
calculated curvature ductility intercept at zero. The slope of the regression corresponds
to the ratio of the calculated to the experimental displacement ductility (i.e., ~L'"calc/~6.)'
Figure 5.49 is a bar chart summarizing the regression values (i.e., ratios of the slope of
~6.,calc-tO":~6.) for all specimens and assumed plastic hinge lengths. The following
observations can be made:
(l) An increase in hinge length produces a greater value for ~6..calc, except for
Specimens CBC-48-46-20 and CBC-32-80-20 where it is believed that this
discrepancy is to due to faulty data. A rotation meter used to measure
curvature that was 6 inches above the base was susceptible to web buckling in
these specimens.
(2) In general, an assumed plastic hinge length Lp of 12 inches produced the best
correlation with a mean value for ~6.,calc/~6. of 1.01 while the 6 and 18 inch
hinge lengths had mean values of 0.83 and 1.46 respectively.
One final observation on plastic hinge length concerns the change of the actual
length over the duration of the experiment. This is attributable to the higher level of axial
load. The specimens with higher axial load are subjected to more shortening as discussed
later in this chapter. This higher axial load causes the buckles to become large and
concentrated in comparison to specimens with an axial load ratio PIP0 of 0.10 at high
curvature ductility levels. This concentration of the buckles focuses most of the
specimen rotation into the lower 6 inches near the end of the specimen's life. Figures
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5.50 through 5.53 show side-by-side comparisons of steel tube quarters for the same type
of tube. Note the increased amplitude and shorter wavelength of the buckles.
5.4 Stiffness
Another important factor in member design is its stiffness. To evaluate the affect
of axial load level, steel yield stress, and bit ratio on stiffness, the peak unloading section
stiffness and elastic unloading section stiffness were determined at different displacement
ductility levels. The peak unloading stiffness is defined as the experimental moment-
curvature stiffness EIexp between the points of load reversal and the onset of the
Bauschinger Effect. Figure 5.54 shows an example of the peak unloading stiffness
determination. Elastic unlaoding stiffness was determined during the elastic cycles after
each displaceme~t level. As noted in Chapter 3, upon completion of a displacement level
the specimen was taken from zero displacement to a negative lateral load of 25% of the
previous peak lateral load and then returned back to zero displacement. The elastic
unloading stiffness was defined as the stiffness between the point of initial zero
'displacement and the point of zero lateral load or moment. Figure 5.55 shows an
example of this determination.
These values are plotted in Figures 5.56 through 5.59. Specimens with the same
bit ratio and steel yield stress are plotted on the same figure, with concrete crushing and
local flange buckling events labeled. The stiffnesses are normalized to the section
flexural stiffness, EIs, of the steel tube. From these figures the following observations
can be made:
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(l) Specimens with a bit ratio of 32 have higher initial stiffnesses with a PIP0 of 0.20
than 0.10. There appears to be no difference in initial stiffness for specimens
with a bit ratio of 48 for different axial load levels.
(2) All specimens with a PIP0 of 0.20 exhibit a higher elastic unloading stiffness than
peak unloading stiffness at lower displacement ductilities until local flange
buckling occurs. This is due to the fact that at peak displacement there is no
concrete in contact across cracks on the tension face of the cross section, reducing
the peak unloading stiffness, while the elastic unloading stiffness is detennined
from a point of zero deflection while all concrete is in contact. When local
buckling occurs the elastic unloading stiffness suffers from the fact that all
flanges are deformed in that position while the peak unloading stiffness benefits
from a tension flange that is straightened out.
(3) All specimens initially have a section stiffness greater than EIs. However, this
stiffness deteriorates below the bare steel tube stiffness, EIs, indicating a severe
reduction in concrete contribution and the effects of local buckling in the steel
tube.
(4) Except for the CBC-32-80 series of tests, the peak unloading stiffness of tubes
with a PlPo ratio of 0.20 always fall below EIs at a larger displacement ductility,
ll11exp, than specimens with a PIP0 ratio of 0.1 O.
(5) The elastic unloading stiffness always deteriorates below EIs before the peak
unloading stiffness does.
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Figures 5.60 and 5.61 compare the peak unloading stiffness of specimens with a
similar bit ratio. The results in Figure 5.60 show that specimens with at bIt ratio of 48
have a similar section stiffness before the yield displacement is reached. Specimens with
a bIt ratio of 32 have a greater variation in stiffnesses before the yield displacement is
reached. Figures 5.62 and 5.63 compare the elastic unloading stiffness of specimens with
similar bIt ratios. Sections with a bIt ratio of 48 are shown to have a higher elastic
unloading section stiffness for higher levels of axial force before the yield displacement
is reached.
5.5 Energy Dissipation
An important factor in structural member survival during an earthquake is its
ability to dissipate energy. To determi~e the affects of axial load level, steel yield stress,
and bit ratio on specimen energy dissipation, the energy dissipated by the specimen was
studied. This study included examining the total energy dissipated and that dissipated by
the plastic hinge as a proportion of that dissipated by an equivalent elasto-plastic model.
The total energy dissipated by a specimen was determined using the following equation:
H. + H. I ( ) P. + P. ~ )LE = 1 1 + 6. _ 6 + 1 1 + 1 O. - 8
D, TOT 2 1+1 1 2 1 + 1 1 (5.5)
where Hi, Hi+l, 6i, 6i+l, Pi, Pi+l. OJ, and Oi+l are the lateral load at load step i, the lateral
load at load stepi+ l, the lateral specimen top displacement at load step i, the lateral
specimen top displacement at time step i+1, the axial load at load step i, the axial load at
load step i+1, the specimen axial chord shortening at load step i, and the specimen axial
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chord shortening at load step i+1, respectively. IEo,TOT is given for each specimen in
Table 5.1.
To determine the energy dissipated by the plastic hinge, the flexural energy
dissipated was calculated over a complete cycle, EDcyc , using numerical integration based
on the trapezoid rule. Figure 5.64 shows how the energy dissipation was calculated. The
incremental energy dissipation was calculated as:
M.+M. 1~ ~dE = M . de = 1 1 + <p. - <p. x
D 2 1+1 1 (5.6)
Where Mi, M i+1, ~i, ~i+I, and L\x are the plastic hinge moment at load step i, the plastic
hinge moment at load step i+l, the plastic hinge curvature at load step i, the plastic hinge
curvature at load step i+1, and the hinge length (12 inches), respectively. The total
energy per cycle, EDcyc, was calculated in the following manner:
ED =IdEdcyc (5.7)
After obtaining the energy dissipated per cycle, the energy dissipated during cycles of the
same displacement ductility, Il~, was plotted as a function of experimental curvature
ductility, 1l<P'
The cumulative total flexural energy dissipated by the specimen versus curvature
.ductility for tubes of similar bIt ratio and nominal steel yield stress are shown in Figures
5.65 through 5.68. Figure 5.69 shows all specimens on the same graph. From these five
figures the following observations can be made:
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(1) Specimens with the same nominal steel yield stress of 46 ksi do not appear to
have their energy dissipation significantly influenced by the level of applied
axial load.
(2) Specimens with a nominal steel yield stress of 80 ksi appear to have their
energy dissipation influenced by the level of applied axial load. Specimens
subjected to a higher axial load had a lower amount of energy dissipation.
The ratio of cumulative plastic hinge energy dissipation to overall total energy
dissipation is shown in Figure 5.70. It can be seen that for specimens with a bit ratio of
48, a lower axial load results in a lower contribution of the plastic hinge to overall energy
dissipation. As noted in section 5.3.2 this can be attributed to the fact that at higher axial
load levels specimens deform and shorten more at larger levels of displacement where
most of the energy dissipate occurs, concentrating most of the rotation at the base. Since
specimens with lower axial load levels don't experience this deformation, their plastic
hinges dissipate less energy as a function of the overall energy dissipation. Axial
shortening is discussed more in Section 5.6
The energy dissipation in the plastic hinge was then compared to that of an
equivalent elasto-plastic model. The energy dissipated by the model was considered to
be the area bounded by the rhombus shown in Figure 5.71. The area of the rhombus was
defined using the experimental Mmax and ~max for each cycle. The stiffness, Kun, was the
experimentally determined peak unloading stiffness explained in Section 5.4 for that
displacement.
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Figure 5.72 shows the ratio of cumulative flexural energy dissipated by the plastic
hinge to the equivalent elasto-plastic model as a function of axial load level. It can be
seen that as PIP0 decreases the plastic hinge dissipates less energy than that of the elasto-
plastic model. .This is attributable to the presence of more pinching in the hysteresis
loops of the specimens with a PIP0 ratio of 0.10.
To explain why pinching occurs in the lower axial load specimens, curvature and
average flange strain at 6 inches above the test specimen base using strain gages at that
level were plotted in relation to the applied moment for one complete displacement cycle.
Figure 5.73 relates this information for Specimen CBC-48-46-1O. An arrow with a
diamond at one end indicates the beginning and direction of both loops. For comparison,
Figure 5.74 shows the same information for Specimen CBC-48-46-20.
It can be seen in Figure 5.73 that as the specimen unloads from peak north
displacement (maximum positive moment) and goes into a negative moment while still at
a positive displacement that the south flange rapidly changes strain while there is little
change in moment. This occurs at the point of pinching in the hysteresis loops where the
stiffness is near zero. The pinching is caused by a gap that exists across cracks in the
concrete on the south face and consequently all load is placed upon the flange. When the
moment-curvature stiffness increases, it can be seen in Figure 5.73 that the rate of change
in strain in the flange suddenly reduces as the concrete comes in contact and picks up
load. This was not noticeable in specimens with PlPo of 0.20 as shown in Figure 5.74
because the higher axial load provides a larger precompression force resulting in smaller
concrete crack widths.
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In addition, the ratio of cumulative total flexural and axial energy dissipated by
the plastic hinge of a specimen of PlPo of 0.10 to that of a specimen with a P/Po ratio of
0.20 is shown in Figure 5.75. The figure indicates that a specimen with PlPo of 0.10
dissipates less energy in the plastic hinge than that of a specimen at with a P/Po of 0.20.
It also shows a significant differential in energy dissipation exists for the specimens with
a bit ratio of 48 where the energy dissipation in the plastic hinge ranged from 0.61 to 0.72
of the total energy dissipated by the specimen
5.6 Axial Shortening
A s noted previously, most of the damage and shortening occurred at the base of a
specimen. An important factor in member design is the axial shortening capacity that
occurs in a column over cycling loading. To investigate this, the axial_shortening of the
specimen chord as a percentage of the overall specimen height (58.5 inches) was plotted
as a function of displacement ductility level for each specimen (see Figures 5.76 through
5.79). By inspection of these figures, the following can be observed:
(1) Specimens CBC-48-46-20, CBC-48-80-20, and CBC-32-80-20 shortened
appreciably more than their lower axial load counterparts at corresponding
displacement ductilities, indicating that axial load has a significant affect on
member shortening.
(2) Specimens with a P/Po of 0.10 actually lengthen as the peak displacement was
reached until high levels of lateral displacement were imposed which resulted
in permanent shortening quickly accruing.
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(3) Specimens with a PIP0 of 0.20 never lengthen due to the higher
precompression force, and exhibit large permanent axial deformations the last
several cycles before failure.
Figure 5.80 displays a bar graph of percent shortening for all specimens. It can be
seen from this figure that lower axially loaded specimens also shorten less than similar
specimens with higher axial load. Finally, Figures 5.81 through 5.84 show photographs
of steel tube quarters with the same bit and steel yield steel stress standing side by side on
the overall specimen base. The top horizontal line in each photograph represents 12
inches above the specimen test base before testing. These four photographs clearly
demonstrate the marked affect of axial load on axial shortening.
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Specimen Mexp (k-in) 116 Il<i> LEo,TOT (k-in)
CBC-32-46-10 5039 5.4 9.5 5101
CBC-32-46-20 5585 3.4 5.0 4941
CBC-32-80-10 8454 3.9 5.2 5633
CBC-32-80-20 8645 3.2 4.2 4865
CBC-48-46-10 4355 5.0 9.6 4041
CBC-48-46-20 4887 3.3 5.0 2392
CBC-48-80-10 5902 4.0 5.9 3548
CBC-48-80-20 6390 3.0 4.8 2342
KEY
Mexp =Maximum Experimental Specimen Moment
/1c. = Specimen Displacement Ductility
/1<1> =Specimen Curvature Ductility
LED,TOT =Total Energy Dissipated by Specimen (Flexural and Axial)
Table 5.1 - Table of Key Specimen Results
I'-)
o
I'-)
CBC-4S-46-10 CBC-48-46-20 CBC-4S-S0-10 CBC-4S-S0-20 CBC-32-46-10 CBC-32-46-20 CBC-32-S0-10 CBC-32-S0-20 mean 20-
Mexp,mondMexp,cyc - 1.09 - 0.98 - 1.00 - 0.98 1.01 0.003
MLRFofMexp,cyc 0.79 0.70 0.84 0.77 0.54 0.49 0.71 0.69 0.69 0.015
I
MEc-JMexp,cyc 1.12 1.10 1.13 1.12 0.84 0.87 0.92 0.97 1.01 0.015
MAclMexp,cyc 1.12 1.09 1.07 0.98 0.85 0.88 0.87 0.86 0.96 .0.013
MAI}Mexp,cyc 1.07 1.11 1.08 1.12 0.80 0.88 0.89 0.96 0.99 0.015
Table 5.2 - Comparison of Cyclic Specimen Moment Capacity with Monotonic Specimen Capacity and Code Predicted
Capacities
3500 i i
30001~-- I
500
2500
--III ~ -g 2000 1
"
---
---
'0
t'Il
0
..J
t'Il 1500 ------
";<
«
tv
0
w 1000
7000600050004000300020001000
o , III " .... - .. > j c:1I'i! ,
o
Moment (k-in)
[-- -LRFD=-=-EC=4-=~-~'ACI - - - AIJ 0 Monotonic Beam Column A Cyclic Beam Column I
Figure 5.1 - Comparison of CBC-48-46 Series Experimental Data with Code Axial Load-Moment Interaction Curves
3500 i i
3000 I =----- i
2500 _
~ ..
12000 1
.. ..
.........
..........
..
.......::. -- ..
.........
........
..
.........
.. ..
~ 1500
.........
........
>< I<CN .........
0
-J'>. 1000 • ""
I "
500
""
80007000600050004000300020001000
o , _ .''<= p< ..... ,
o
Moment (k-in)
E- - LRFD -II- 8>4 - .ACI • • • AIJ 0 Monotonic Beam Column f!t,. Cyclic Beam Column I
Figure 5.2 - Comparison of CBC-48-80 Series Experimental Data with Code Axial Load-Moment Interaction Curves
3000 i i
a
"'"
"'"
"
"'"
"
i
..... - -"':.~_ ... ~--- ...............
" - - - ---- .......-...
"'" ~- "' ~ ...
" "'" - -
""'"",
5001-------------- -------------\--- ~ IZ9 I
2500 I ~ --------------- I
2000
..-..
CIl
a.g
"0
~ 1500
...I
ell
'x
«
1000t'"
S;
600050004000300020001000
o , « ••,- sC: ......
.. p p ,
o
Moment (k-in)
i-==-CRFo=ti=EC-4 - •ACI - - - AIJ 0 Monotonic Beam Column A Cyclic Beam co!Uffi.11
Figure 5.3 - Comparison of CBC-32-46 Series Experimental Data with Code Axial Load-Moment Interaction Curves
3500 , i
........
'"I I ~ I,,
,
,
.......
........
"'-
500 i --~~-~-_.__.
1000
--------1~
3000~. __ -----<
"'-"'-~"""""1iI ~----~
2500 1 " "'- .." ~~.........
"'-
-lfla.
;g, 2000L"0 .......ca ~ ....... ~~o " ~ ~
..J "
- I
.!!:! 1500 -. - --- "'-X - ,< ~,...... ~"'-........: " I
tv
o
0\
900080007000600050004000300020001000
o , .. 'e<: p<.... ,
o
Moment (k-in)
F - LRFD~EC-4 - •ACI - - - AIJ D I Monotonic Beam Column A Cyclic Beam Column I
Figure 5.4 - Comparison of CBC-32-80 Series Experimental Data with Code Axial Load-Moment Interaction Curves
--------------------------------------1·1.20 I'
u
>.
u_
e.
K
CI>
~ 0.50
CI>
-0
0
u
~
N 0400
--.l
0.20
000
CBC-4B-45-10 CBC-4B-45-20 CBC-4B-BO-10 CBC-4B-BO-20 CBC-32-45-10 CBC-32-46-20 CBC-32-BO-10 CBC-32-BO-20
iii ~~RFD/M~xp,cy~[]~EC-4/Mexp,c)'c~[]!'1~_~I/M~~?,9..YclID!"1AIJ~Me)(p-,C~<]
Figure 5.5 - Comparison of Predicted Code Moments to Cyclic Experimental Maximum Moment
1.02
1.00
N
o
00
1.10 i i
1.08
1.06
o
>.
o
c:
><Ql
2
'0
l::
o
E
c:iii 0.98
2
0.96
0.94
0.92
0.90
CBC-48-46-20 CBC-48-80-20 CBC-32-46-20 CBC-32-80-20
Figure 5.6 - Comparison of Monotonic Experimental Maximum Moment [Hull, 1998] to Cyclic Experimental Maximum
Moment
1.236E·03 1.855E-03 2.473E-03 3.091E·03 3.709E-03 4.327E-03· 4.946E-03
-4000
-3000
<j>y; .00031/ln <j>U = 11.3<j>y
5000 I I I I I ! I I I 1 I ! II I I I I I
!<j>u,avg = 9.6<j>y I; I I
I I . ' I ~ II4000 I I,' I 1/ I I -..._ I. I I 190%
,I I I I I t-.IIIo.I! I ' ..............
I I ill I '-l
3000 I I: I IT' I ,.
I ! I
2000 I I I I '
I
: I
, I
I
'2 1000 I' I I
" I I I I I I~ i I ! IE 0 I i I 1 I I •
g I I' I I •
:a: I
-1000 I
,
-2000 I , J I
~~:i' 'I I
I I I I-...f..-......... I 1
900/: ! I : Ii! -..- 1- 'r t ,~ I I I I '
-5000 Iii i <j>u = 7.8<j>y I I I i I I I I I I [ I I
-4.946E-03 ·4.327E-03 ·3.709E-03 ·3.091 E·03 ·2.473E-03 -1.855E-03 -1.236E·03 -6.182E-04 O.OOOE+OO 6.182E-04
tv
o
'0
Curvature (1/in)
Figure 5.7 - Moment-Curvature Envelope for Specimen CBC-48-46-10
90%
4000
5000 . ¢y = .00035/in mu = 6.0my
I I I I ' '!' '!'I I I i w:c ' iii i i
¢u,avg = s.o¢y I I
! I
i
3000
2000
__ 1000
l:
~
-
'E 01 I I I I I 1Q) iiii
E
o
N :::i:
o -1000
-2000
-3000
-4000
4.953E-034.246E-033.53BE-032.830E-031.415E-03 2.123E-037.076E-04O.OOOE+OO-7.076E-04-2.830E·03 -2.123E-03 -1.415E-03-3.538E-03
90%1 I II i I I
-5000 I I i I I !~I I" I I
-4953E-03 -4246E-03 I I i I
I I
Curvature (1/in)
Figure 5.8 - Moment-Curvature Envelope for Specimen CBC-48-46-20
4000
2000
-4000
-2000
<!>y; .00029/In <!>u = 12.2<!>v
6000 I I 1_ I Ii' I I I I I 1 I.I. I I I I
j<!>u,av9 - 9,5<!>v II i : I I
I 1 I w-V" I I -r-~,- I I I 1900A
, I I V I I : ....~""--
I
I . I I"""""'N...I
, ' I I I I~
. I I
i II·
~
• I I i I: I
o I! I : 1 : I
;" I
i I I
I , '
I
,
4-1 I l I~
,I:~ [' )
90% ". I.i "..-:-.. ~
, i I j- I
I I iii I<!>u ='S.8<!>v I : I I 1 I I
-6000
-S.443E-03 -4.903E-03 -4.163E-03 -3.S22E-03 ·2.BB2E-03 -2.241 E-03 -1.601E-03 -9_606E-Q4 -3.202E-04 3.202E-Q4 9_606E-04 1.601 E-03 2_24 t E-03 2_8B2E-03 3_522E-03 4.163E·03 4_B03E-03 5.443E-03
'2
~
'E
Ql
E
o
~tv
Curvature (1/in)
Figure 5.9 - Moment-Curvature Envelope for Specimen CBC-32-46-1 0
90%
4000
6000 I I ! $u =5.9$y
I$u,avg = 5.0$Y I I i
! ! I I
1 I I
I
5.223E·034.477E-033.731E-032.985E·032.239E·031.492E-03O.OOOE+OO 7.462E-04
90%
I
I
i I
-6000 ' , I I ,
·5.223E·03 ·4.477E·03 ·3.731E·03 ·2.985E·03 -2.239E-03 ·1.492E-03 ·7.462E·04
-4000
2000
'2
~
1: 0Ql
E
0
tv ::;::
tv
-2000
Curvature (1/in)
Figure 5.10 - Moment-Curvature Envelope for Specimen CBC-32-46-20
6.215E-035.179E·034.143E·03
cpu = 7.1cpy
3. 107E-031.036E·03 . 2.072E·03
cpy = .00052/ in
r
IIcpu,~vg = ~.9cpy I f ! !
,,,,,"
• 9.!!!o
: I
1 n I I
I
I
I \
-..
!
~! i
!
!
!
I i
!
I
I
I
I
i i ,
I
,
I
I
II I I
!
i
!
! ,
,
~J !.L i i 1 j iI,
i
!
,
I I
I
I
, I i \
I + I ...
,
i
i
90% !
!
!i
I
.1 •
!
1 i cpu - 4.6cp~J I 1 i !It I 1 ' , ,
6000
4000
8000
-4000
-6000
-8000
·6.215E-03 ·5.179E-03 ·4.143E·03 ·3.107E-03 ·2.072E'03 .1.036E·03 O.OOOE+OO
2000
~
~
1: 0
ell
E
0
~
tv
c;:;
-2000
Curvature (1/in)
Figure 5.11 - Moment-Curvature Envelope for Specimen CBC-48-80-10
-6000 190%
-8000
-5158E-03 -4.365E-03 -3.571E-03 -2_778E-03 -1.9B4E-03 -U90E-03 -3_968E-04 3.968E-04 U90E-03 1.984E-03 2_778E·03 3.571E-03 4.365E-03 5.15BE-03
-4000
¢y=.00048/ln ¢u = 5.7¢y
8000 I I I I I
I¢U:av9 = 4.8¢~ I I I
6000 I! i __~ 190%
! I
I i
4000 I ! A ~
2000 I I ! ,I
I i I IE ,
~
'E 0
Q)
E
o
~ Z
.j;.
-2000
Curvature (1/in)
Figure 5.12 - Moment-Curvature Envelope for Specimen CBC-48-80-20
5.357E-03
$u =6.8$
4.018E-032.678E-031.339E-03O.OOOE+OO·1.339E-03-2.678E-03·4.01aE-03
<D' _ ..........
I I
II $u.avg = 5.21j>y I
..l)P 1 90%! I I
...
I
T
I I
I
I
I
II
•
IJ I III III
I!
i
i
I
I
! I
Iii ! jI
I
....
I
90%
II I
IIj>u 3.6$vl ii . I
-10000
-5.357E-03
10000
8000
6000
4000
'2 2000
!
E 0Q)
E
0
:l:
N
-2000
U1
-4000
-6000
-8000
Curvature (1/in)
Figure 5.13 - Moment-Curvature Envelope for Specimen CBC-32-80-10
10000~
~y= .00056/ in ~u =4.8~y
I~u,avg = 4.2~y I
8000 I I i I J ~W1 I I 90%I
I
6000 I
I
I
4000
£ 2000
~
... 0c:Q)
E
0
:::::
::::E
-2000 I tl ·1 i ,0- j
I
I
I
-4000 I I I
I
-6000 I !~ 11 I i
I
-8000 190% :T~I I 1 I I, I
-10000 • , 1
-5.600E·03 ·4.400E·03 -3.200E-03 -2.000E-03 -B.OOOE-04 4.000E-04 '.600E-03 2.BOOE-03 4.000E-03 5.200E-03
Curvature (1/in)
Figure 5.14 - Moment-Curvature Envelope for CBC-32-80-20
~
~
, IJ";;;:~'::>O".,i-..I -I
"'.
2015105
I~::::::O~:!:};:-"">-':O-,,- --i,------t---
~i1'f. "-" ,s""",.t~_"'''''IO$§. ..,~~-A. '%,i.lr"---I _.~
~
o
1J
-5
"'·'0,
-10-15
~CBC-48-46-1 0
~CBC-48-46-20
,,0 CBC-48-80-10
,,".', CBC-48-80-20
8000
6000 -
4000
2000
'2
~
'E 0Q)
E
0
:2
-2000
N
-.l
-4000
-6000
-8000
-20
Curvature Ductility
Figure 5.15 - Moment-Curvature Envelope for CBC-48 Series Tubes with a 12 Inch Plastic Hinge
1-:0..
--0......
r! I ~
- i I
I 1-- I
",
P>,"~;';';:~j'%ii""J~"" '" ji \
lJ ""')["'~""~<"""O IIr .~-,_, I~
10000 LI -o-CBC-32-46-108000
~CBC-32-46-20
6000 I-I
'''0,· CBC-32-80-1 0
-e", CBC-32-80-204000 1--1
2000
-8000 1------------ ", --~----
I I~ ·+---+-1, I-4000 .-- - .!. J~-e.,: j2J1 -._- . I I
·6000 I 1-·· , e_••Qp---j
N
cc
2015105a-5-10-15
-10000 I ' ,
-20
Curvature Ductility
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Figure 5.30 - Ratio of Yield Stress to Web Slenderness Ratio at Web Buckling Versus Curvature Ductility for All Specimens
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Figure 5.31 - Displacement Ductility Versus Axial Load for Cyclic Beam-Columns
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Figure 5.33 - CBC-48-46-20 Section Curvatures at Various Specimen Heights for Different Displacement Ductilities
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Figure 5.34 - CBC-32-46-10 Section Curvatures at Various Specimen Heights for Different Displacement Ductilities
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Figure 5.35 - CBC-32-46-20 Section Curvatures at Various Specimen Heights for Different Displacement Ductilities
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Figure 5.36 - CBC-48-80-10 Section Curvatures at Various Specimen Heights for Different Displacement Ductilities
38
<jlp <jlp
33 1-
28 1---
-,E: 23
-
-J:0)
'Qi 18 o-J:
-X-J-lLl= 1.0
-:1(- J-lLl = 1.5
--0-- J-lLl = 2.0
-t- J-lLl = 3.0
-fr- J-lLl = 5.0
1-----
-,-- -1If1+\I-----. --- -- -. . ..---------. ------
-1--
-- -I -'-1I1~H-+tI-L--------------····-··----·--·---.. ---·---·-1
N
w
'0
13
8
3
-0.008 -0.006 -0.004
/
-0.002 o
Curvature (1/in)
0.002 0.004 0.006 0.008
Figure 5.37 - CBC-48-80-20 Section Curvatures at Various Specimen Heights for Different Displacement Ductilities
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Figure 5.39 - CBC-32-80-20 Section Curvatures at Various Specimen Heights for Different Displacement Ductilities
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Figure 5.40 - Exposed Concrete of Lower 24 Inches of CBC-48-46 Series Tubes
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Figure 5.41 - Expose Concrete of Lower 24 Inches of CBC-32-46 Series Tubes
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Figure 5.42 - Exposed Concrete of Lower 24 Inches of CBC-48-80 Series Tubes
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Figure 5.43 - Exposed Concrete of Lower 24 Inches of CBC-32-80 Series Tubes
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Figure 5.44 - Curvature Diagram for Specimen which has Reached Ultimate Curvature
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Figure 5A5 - Calculated Displacement Ductility Versus Experimental Ductility. for CBC-48-46 Series Tubes
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Figure 5.46 - Calculated Displacement Ductility Versus Experimental Ductility for CBC-32-46 Series Tubes
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Figure 5.47 - Calculated Displacement Ductility Versus Experimental Ductility for CBC-48-80 Series Tubes
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Figure 5.48 - Calculated Displacement Ductility Versus Experimental Ductility for CBC-32-80 Series Tubes
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Figure 5,52 - Quarters of CBC-48-80 Series Tubes in Plastic Hinge Zone (CBC-48-80-20 is on Left Side)
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Figure 5,53 - Quarters of CBC-32-80 Series Tubes in Plastic Hinge Zone (CBC-32-80-20 is on Left Side)
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Figure 5.54 - Example of How Peak Unloading Stiffness is Determined
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Figure 5.55 - Example of How Elastic Unloading Stiffness is Determined
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Figure 5.59 - Peak and Elastic Unloading Section Stiffness for CBC-32-80 Series Tubes Versus Experimental Displacement
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Figure 5.60 - Peak Unloading Section Stiffness for all CBC-48 Series Tubes Versus Experimental Displacement Ductility
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Figure 5.61 - Peak Unloading Section Stiffness for all CBC-32 Series Tubes Versus Experimental Displacement Ductility
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Figure 5.62 - Elastic Unloading Section Stiffness for all CBC-48 Series Tubes Versus Experimental Displacement Ductility
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Figure 5.63 - Elastic Unloading Section Stiffness for all CBC-32 Series Tubes Versus Experimental Displacement Ductility
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Figure 5.64 - Determination of Energy Dissipated Per Cycle Calculation
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Figure 5.65 - Cumulative Total Energy Dissipated for CBC-48-46 Series Tubes Versus Experimental Curvature Ductility
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Figure 5.66 - Cumulative Total Energy Dissipated for CBC-32-46 Series Tubes Versus Experimental Curvature Ductility
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Figure 5.67 - Cumulative Total Energy Dissipated for CBC-48-80 Series Tubes Versus Experimental Curvature Ductility
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Figure 5.68 - Cumulative Tolal Energy Dissipated for CBC-32-80 Series Tubes Versus Experimental Curvature Ductility
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Figure 5.69 - Cumulative Total Energy Dissipated for All Specimens Versus Experimental Curvature Ductility Level
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Figure 5.70 - Cumulative Energy Dissipated by Plastic Hinge with Respect to Cumulative Total Specimen Energy Dissipation
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Figure 5.71 - Example ofElasto-Plastic Model Assumptions
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Figure 5.72 - Ratio of Cumulative Plastic Hinge Flexural Energy Dissipation to Equivalent Elasto-Plastic Model for All
Specimens as a function of Axial Load
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Figure 5.76 - Percent Axial Chord Shortening for CBC-48-46 Series Tubes Versus Experimental Displacement Ductility
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CHAPTER 6
SUMMARY AND CONCLUSIONS
6.1 Summary
An experimental study was conducted to investigate the behavior of high strength
concrete filled steel tubes (eFT) under cyclic lateral loading and a constant applied axial
load. Eight two-thirds scale beam-coltUlllls were cyclically lateral loaded as cantilever
members. Various parameters were varied to determine their affect on member behavior.
These parameters included: steel tube width-to-thickness (bit) ratio, steel tube yield
stress, and axial load. Four tubes had a nominal steel yield stress of 46 ksi while the
remaining four were 80 ksi. Four of the tubes had a width of 12 inches and nominal
thickness of 0.250 inches giving a width-to-thickness ratio (bit) 48. All specimens were
filled with 16 ksi compressive strength concrete. The other four tubes also had a width of
12 inches also but a nominal thickness of 0.375 inches resulting in a bit of 32. This
produced four series of specimens with the same bit ratio and yield stress. One was
tested with an axial load of 10% of the axial load capacity whiled the other was tested at
20%.
The lateral loading was imposed under load control until 70% of the
predetermined specimen capacity was reached. The experimental stiffness and
predetermined moment capacity were used to determine the yield displacement. Testing
then continued under displacement control, following a set displacement history until
failure occurred. Displacements, rotations, and axial strains were measured at various
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heights along the specimen. After the conclusion of each experiment, the tube of each
specimen was partially removed and the state of the concrete core was inspected.
The experimental data was then examined to determine the affect that the
parameters had on behavior under cyclic loading. The moment capacity was
experimentally measured and compared against current design provisions to determine
their adequacy for high strength eFT beam columns. The curvature and displacement
ductilities were computed for each specimen and compared as a function of the
parameters. Additionally, the curvature ductility was compared with the results from
previous monotonic uniform bending tests of beam-columns. Next, the stiffness and its
degradation was studied and compared in relation to the affects of axial load, steel yield
stress, and bit ratio. The flexural and axial energy dissipation of each specimen was
determined and compared against each other. Finally, the relationship of mechanical and
loading properties to axial shortening were explored.
6.2 Conclusions
Based on the analysis of experimental results the following conclusions are
drawn:
(l) Cyclic versus monotonic loading has little or no affect on moment capacity
with an average difference of 1%, but did have a more pronounced affect
on rotation capacity: For specimens with a larger applied axial load, the
moment capacity of a specimen increases as long as the axial load falls
below the balance point in the axial load-moment interaction curve.
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(2) The moment capacity of all specimens with a bit ratio of 32 was
conservatively predicted by all design provisions considered, whereas only
the AISC LRFD provisions conservatively predicted the capacity of
specimens with a bit ratio of 48. The LRFD design provisions produce a
conservative estimate for moment capacity of a CFT with an average
Mcocte/Mexp ratio of 0.69. Specimens with a P/Po of 0.10 were more closely
predicted than specimens with a PIP0 of 0.20. The EC-4 design provisions
predicted the moment capacity of the specimens with an average
Mcocte/Mexp ratio of 1.01. The capacity of the specimens with a bit of 48
were unconservatively predicted, with an average Mcocte/Mexp ratio of 1.12,
while specimens with a the bit of 32 were conservatively predicted where
the average Mcocte/Mexp ratio was 0.90. The ACI design provisions
unconservatively predicted the moment capacity of specimens with a bit of
48, with Mcocte/Mexp equal to an average value of 1.09 and conservatively
predicted the capacities of specimens with a bit of 32 where Mcocte/Mexp had.
an average value of 0.86. The AU provisions were unconservative for all
specimens with a bit of 48, where the average Mcocte/Mexp ratio was 1.10
and conservative for specimens with a bit of 32, where the average
Mcocte/Mexp ratio was 0.88.
(3) Specimens with higher applied axial load exhibit sharp peaks in their
moment-curvature relationships at the peak moment and then quickly lose
strength, while specimens with a lower applied axial load display a plateau
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after the peak moment is reached. The specimens with a similar·bit ratio
and applied axial load exhibit similar post-peak negative slopes, with a
yield stress not having a significant affect on the post-peak stiffness. The
bit ratio has a more pronounced affect on ductility for the specimens with a
nominal yield stress of 80 ksi compared to specimens with a nominal yield
stress of 46 ksi. As the level of axial load increases, the curvature ductility
capacity was found to decrease. Specimens with a lower Fy and higher
axial load have a more rapid decrease in capacity following peak load.
Cyclic loading causes a more severe reduction in curvature ductility
capacity for specimens with smaller bit ratios. Monotonic tests have
showed that Fy has no bearing on ductility. However, it has been shown
that this is not the case for cyclic loading, for the ductility capacity was
found to be a function of web buckling in the specimens, with the behavior
dependent upon the steel yield stress.
(4) The depth of the specimen (12 inches) provides a suitable assumption for
plastic hinge length and produces a good relation between curvature and
displacement ductility with an average accuracy of 1%. The actual plastic
hinge length increases with an increase in P/Po•
(5) Specimens with a bit ratio of 48 have a higher initial stiffness when P/Po is
equal to 0.10, while the opposite is true for an axial load of PIPa equal to
0.20. All specimens with a P/Po of 0.20 exhibit a greater peak unloading
stiffness than elastic unloading stiffness until local flange buckling occurs.
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All specimens fall below the flexural stiffness of the bare steel tube at
higher levels of ductility: The elastic unloading flexural stiffness always
falls below the stiffness of the bare steel tube before the peak unloading
stiffness does.
(6) Specimens of 46 ksi yield strength and similar bit ratios exhibit similar
energy dissipation regardless of the level of axial load. For 80 ksi tubes,
members with a PIP0 ratio of 0.20 have lower energy dissipation than those
with a P/Po ratio of 0.10.
(7) Specimens with a higher level of axial load have more axial shortening.
Specimens with a PIP0 of 0.10 experience chord lengthening at peak
displacement during lower levels of ductility. Specimens with a P/Po of
0.20 never experience chord lengthening.
6.3 Recommendations
.(1) The effects of a double curvature moment gradient should be
experimentally investigated for CFT beam columns.
(2) The effects of non-proportional loading involving variable axial loading,
combined with cyclic lateral loading should be experimentally investigated.
(3) Finite element models should be developed to predict the behavior of eFT
beam-columns under various loading conditions.
(4) Non-linear time histories of braced and moment resisting frames composed
of CFT columns should be performed to determine their seismic demand.
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These should be compared with models of standard steel frames (wide
flange) to determine all benefits and drawbacks of CFT construction.
(5) A moment resisting frame with high strength CFT columns should be
experimentally tested under cyclic loading to evaluate the affect of member
proportioning on overall system behavior and the interaction with the
various components of the system.
(6) The results of the frame experiments should be combined with monotonic
and cyclic beam-column experiments to develop seismic design guidelines
for high strength CFT beam-columns.
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